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1 Introduction
1.1 Thermal diffusion
The mass transport of chemical species in response to a temperature gradient, referred to
the Soret effect or thermal diffusion, leads under certain conditions to a separation of the
chemical constituents.
According to the phenomenological equations of irreversible thermodynamics, thermal
diffusion in a binary fluid mixture is described by the flux J of one of the components in
response to a temperature ∇T and concentration gradient ∇c [35].
J =−ρD∇c−ρDTc(1− c)∇T, (1.1)
where c is the mass fraction of the first component, ρ is the density of the mixture, D is
the mutual diffusion coefficient, and DT is the thermal diffusion coefficient. In the steady
state (J = 0) the concentration gradient is characterized by the Soret coefficient ST = DT/D.
The positive Soret coefficient of the component with the weight fraction c implies that this
component moves to the cold region.
This effect was first observed by Ludwig more than 150 years ago [89]. Soret performed
the first systematic investigations [157]. In his experiments, a tube with a length of 30 cm
with aqueous NaCl or KNO3 solution was heated from the one end (78 ◦C) and cooled from
the other one (∼ 18 ◦C). After approximately 17 days Soret found that the salt concentrated
in the cold region. In his second paper [158] he noted the importance of the waiting time.
For other two KCl and LiCl aqueous solutions he waited already for 50 days in order to reach
equilibrium state. Another important finding is that for various aqueous salt solutions with the
same initial composition the difference in concentration between the cold and the warm ends
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of the tube was an increasing function of the molecular weight. This result is in agreement
with the ”rule of thumb” that the heavier component often moves to the cold side.
The Soret effect plays a crucial role in many naturally occurring processes such as thermo-
haline convection in oceans [24], component segregation in solidifying metallic alloys [192]
or volcanic lava [31, 175]. The technical applications are isotope separation of liquids and
gaseous mixtures [122], thermal field flow fractionation of polymers and colloids [145, 29],
identification and separation of crude oil components [30], coating of metallic items, etc. This
phenomenon is supposed to play an important role in crystal growth [136] and combustion
[128]. Precise values of the Soret coefficient are needed in the analysis of the phenomena of
hydrodynamic instability [169], testing the theory of non-equilibrium fluctuations in liquid
mixtures [149], and for the design of a separation setup [87].
In spite of discovering this effect more than 150 ago and its wide technical applications
there is so far only a limited microscopic understanding of the thermal diffusion processes in
liquids. The precise prediction of ST from theory and simulations and even the experimental
determination for more complex systems is often a challenge.
Many experimental techniques have been developed for investigation of the Soret effect:
thermogravitational columns [20], thermal lens [115], diffusion cells [188, 121], thermal
diffusion forced Rayleigh scattering technique [76, 181], thermal field flow fractination [145]
and microfluidic fluorescence [43]. However, only in the last decade it became possible to get
reproducible values of ST with different methods for toluene/hexane mixture [188, 75] and
for binary mixtures of 1,2,3,4-tetrahydronaphthalene, n-dodecane and isobutylbenzene [116].
The reasons for the previous deviations are manifold. On one hand technical imperfectnesses
are responsible and on the other hand the experiments are sometimes disturbed by convection
effects. Experimental measurements of ST in polymer solutions [146], micellar solutions
[109, 114], colloidal dispersions [114, 106], magnetic fluids [100] and bio-macromolecules
[44] are even more complicated due to the longer measurement time, incomplete mixing and
polydispersity. Typically, the Soret coefficient ST in simple liquid mixtures lies in the range
10−5 < ST < 10−3 K−1 [179, 111], while for slower diffusion mixtures such as polymer
solutions, micellar solutions and colloidal dispersions ST is in range 10−2 < ST < 102K−1
[74, 72, 109, 67, 44, 106].
With the development of new simulation techniques reasonable predictions of Soret co-
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efficients for low molecular weight mixtures became possible [64, 104, 113, 190]. The prob-
lems with theoretical description of these systems are caused by the high sensitivity of the
thermal diffusion factors to the values of the partial molar properties [11]. The present equa-
tions of state require modification for the precise calculation of the Soret coefficient. At the
same time, the theoretical concepts developed for colloidal dispersions [171, 115, 106, 150,
50] show a better agreement with experiments. A detailed overview can be found in PhD
thesis by Ning [105].
In this thesis we focus on the investigation of thermal diffusion behavior in simple liquid
mixtures experimentally and by simulations. Experiments were performed with the thermal
diffusion forced Rayleigh scattering setup and the thermal lens method. Simulation were per-
formed with the so-called YASP (Yet Another Simulation Package) work package, developed
by Mu¨ller-Plathe.
1.2 Thermodynamic of irreversible processes
In this section we present the description of the Soret effect in terms of general fluxes and
forces. First, we derive the equation for entropy production due to the heat and mass trans-
ports. Secondly, we describe the coupling between these two processes - so called Soret
effect.
1.2.1 Entropy production due to the heat transport
The second principle of thermodynamics postulates the existence of a function of state, called
entropy. Now we consider a system consisting of two subsystems, maintained at the temper-
atures of T1 and T2, respectively (c.f. Fig. 1.1A). The entropy of the system is an extensive
property, therefore:
dS = dS1 +dS2. (1.2)
Considering the classic definition of entropy we end up with
dS = d
1
e Q
T1
+
d2e Q
T2
+diQ
(
1
T1
− 1
T2
)
, (1.3)
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Figure 1.1: The heat (A) and mass (B) transport in liquid.
where diQ is the heat received by subsystem one from subsystem two and d1e Q (or d2e Q) is
the heat supplied to subsystem one (or two) from the outside. The first part of the entropy
change:
deS =
d1e Q
T1
+
d2e Q
T2
(1.4)
is due to the exchange of heat with exterior, while the second part
diS = diQ
(
1
T1
− 1
T2
)
(1.5)
results from the irreversible heat flow inside the system. Here, we can postulate, that the
entropy increase diS, due to the change inside the system, is never negative. In our case it
means that positive heat can not be transferred from the colder subsystem to the warmer one
diQ > 0 when 1T1 −
1
T2 > 0, diQ < 0 when
1
T1 −
1
T2 < 0. (1.6)
Furthermore, we shall make use of the entropy production per unit time
diS
dt =
diQ
dt
(
1
T1
− 1
T2
)
> 0. (1.7)
The sources of the entropy grow are on the border between subsystems, where the temperature
jump happens (c.f. Fig. 1.1A). In general case the entropy production is proportional to ∇ 1T
and equal to zero when thermal equilibrium is established (T1 = T2). The derivative diQ/dt
can be associated with the heat flux ~jq, caused by the difference in temperature.
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1.2.2 Entropy production due to the mass transport
Mass transport or diffusion can also lead to an increase of the entropy. In order to derive
similar expression for the enthalpy production in the presence of diffusion we will start with
the Gibbs equation
T ∆sV = ∆uV −∑µi∆θi, (1.8)
where sV and uV are entropy and internal energy normalized to the volume of the system, θi
is the volume fraction and µi is the chemical potential of the i component. In order to make
the calculations simpler we assume a constant temperature and pressure in system. Under
these conditions
∂uV
∂T = 0, (1.9)
and velocity vector (~v) is equal to zero in the equation for dynamic derivative
d
dT =
∂
∂T +~v ∇. (1.10)
The concentration θi inside the volume element can only change because of the flow ~ji of the
fluid across its boundary
dθi
dt =−∇ ·
~ji. (1.11)
Combining Eq. 1.8, 1.9 and 1.11 is recovered in the following form
dsV
dt = ∇ ·
(
∑ µi~jiT
)
−∑~ji · ∇µiT . (1.12)
The first term in Eq. 1.12 is the divergence of the flux, while the second one is the entropy
source. The diffusion flux is caused then by the difference in the chemical potentials (c.f.
Fig. 1.1B).
1.2.3 The coupling between mass and heat transport
The general expression for entropy production due to the heat and mass transport can be
written as a sum of the product of generalized forces ~Fk and the corresponding flows ~jk (c.f.
Sec. 1.2.1 and 1.2.2)
dsV
dt =
~jq ·∇
(
1
T
)
−∑~ji · ∇µiT = ∑~jk ·~Fk. (1.13)
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For a small deviation in the forces from their equilibrium value of zero, the flows can be
expected to be linear functions of the forces. Accordingly, the following relation between the
flows and the forces is assumed
~jk = ∑Lki~Fi. (1.14)
Here it is important to note, that a force such as Fi causes not only the flow of the component
i but also the flow of component k (so called cross effect). The coupling between heat and
mass flow produces, basically, two effects the Soret and the Dufor effects. In the Soret effect
the mass flow is driven by the heat flow. In the Dufor effect, the heat flow is driven by
concentration gradient. Using Gibbs-Duhem relation and assuming zero flow
n1∇µ1 +n2∇µ2 = 0, ~j1ν1 +~j2ν2 = 0, (1.15)
where νk is partition molar volume and nk is number density (particles per cubic centimeter),
Eq. 1.13 can be rewritten in a simpler form [79]
σ = ~jq ·∇
(
1
T
)
− 1
T
(
1+ ν1n1
ν2n2
)
(∇µi)p,T ·~j1. (1.16)
The equation for mass flux in the form of Fourier law can then be obtained by considering
∇µ1 = (∂ µ1/∂n1)∇n1 and ∇(1/T ) =−(1/T 2)∇T
~j1 = L1q∇
(
1
T
)
∇T −Lq1 1T
(
1+ ν1n1
ν2n2
)( ∂ µi
∂n1
)
∇n1. (1.17)
This equation is usually written in another form
~j1 = ρD∇c−ρc(1− c)DT∇T, (1.18)
where ρ is the density of the mixture, c is the mass fraction of the component 1, D and DT are
the mutual diffusion and thermal diffusion coefficients, respectively. In the case of the steady
state j1 = 0 and the Soret coefficient is given by
ST =
DT
D
=
1
c(1− c)
∇c
∇T , (1.19)
The sign of the Soret coefficient determines the direction of thermal diffusive motion (a pos-
itive ST of the component 1 corresponds to the component 1 moving to the colder regions
of the fluid [52, 181]). Other two combinations of the mutual and thermal diffusion coeffi-
cients can be also found in literature: the thermal diffusion factor αT = STT and the thermal
diffusion ratio kT = STT c1(1− c1).
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1.3 Theoretical description of the Soret effect
1.3.1 Theoretical approaches
Denbigh et al. [39] had extended the general thermodynamic theory of the Soret effect (c.f.
sec.1.2). He considered the system consisting of two subsystem with slightly different tem-
peratures (c.f. Fig. 1.1A). The numbers of particles Ni of substance i moving from on sub-
system to another due to the Soret effect can be calculated [153]
NI↔IIi = N0i exp
(
− Q
?
i
R(T ±0.54T)
)
, (1.20)
where N0i is the number of particles of the component i at t = 0, Q?i is the heat of transport
(the heat energy required to activate the diffusion process, or the net heat energy which must
be absorbed at the lattice site from which a particle moves out and has been replaced by some
incoming particles in order to maintain a constant local temperature). From Eq. 1.20(
1
Ni
) ∂Ni
∂T =−
Q?i
RT 2
, (1.21)
In general case (non ideal solutions) the left side of Eq. 1.21 needs to be rewritten in terms
of the activity coefficients ai(
1
ai
) ∂ai
∂T =
(
1
xi
) ∂ lnai
∂ lnxi
∂xi
∂T =
1
RT
∂ µi
∂xi
∂xi
∂T , (1.22)
where xi and µi are concentration and chemical potential of the component i. Thus, the
connection between concentration and temperature gradients can be written as(∂ µi
∂xi
)
pT
∂xi
∂T =−
Q?i
T
, (1.23)
For an ideal mixture of two component (µi = µ?i +RTlnxi) the thermal diffusion ratio can be
calculated as
αT =−∂ ln(x1/x2)∂T =
Q?2−Q?1
RT
, (1.24)
After the work of Denbigh, several approaches have been developed to describe the heats of
transport.
Rutherford and Drickamer model The mixture was considered to be a random distribu-
tion of molecules of approximately the same size and shape [141]. Transport was represented
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as a process of filling and emptying the ”holes” between the molecules. The relative proba-
bility of the hole left being filled by a molecule of type one or two was related to the ratio of
molar fraction of components (x1/x2). The heats of filling and leaving a hole were expressed
in terms of the partial molar enthalpies. The thermal diffusion factor was found to be
αT =−
(
x1h0.51 + x2h0.52
)(
h0.52 −h0.51
)
2
(
RT − x1x2
(
h0.52 −h0.51
)2) (1.25)
where hi is partial molar enthalpy of the component i. This theory was also extended to be
applied to binary mixtures composed of molecules with different sizes and shapes. On the
basis of this work Dougherty and Drickamer [41] model was developed latter.
Shieh model In 1969 Shieh [153] proposed a new approach based on the Bearman-
Kirkwood-Fixman theory [13]. The thermal diffusion factor was represented as a function
of the partial molar heats of vaporization Evap1 , partition molar volumes υi and the derivatives
of the chemical potential
αT =−
(
υ1Evap2 −υ2Evap1
)
2V
(
∂ µ1
∂x1
)
T p
, (1.26)
This method shows satisfactory agreement with experiment for solutions of n-heptane and
n-hexadecane [153].
Kempers model Kempers model [71] is based on the assumption that the steady state has
a maximum number of possible microstates. The partition function of the total system Z was
calculated from the partition functions of the subsystems I and II
Z = zI zII. (1.27)
The partition functions zI and zII were calculated from the Helmholtz free energy of the
corresponding subsystem
z = exp
(
− FkT
)
, (1.28)
The change in concentration due to the Soret effect is calculated from the maximization of
the partition function. The result for the thermal diffusion ratio is
αT =
υ1h2−υ2h1
(υ1x1 +υ2x2)x1
(
∂ µ1
∂x1
)
pT
, (1.29)
8
1. INTRODUCTION
This model was tested for 18 different liquid and gaseous mixtures. The calculated Soret
coefficient shows agreement within a factor of 2. It was also noted in this work, that the closer
agreement is not expected due to the high sensitivity of the model to the input parameters from
the equation of state.
Shukla and Firoozabadi model The approach of Shukla and Firoozabadi [155] is based
on the works of Drickamer [141, 42]. Their modified expression incorporates more accu-
rately the thermodynamic properties of a mixture expressed by means of the Peng-Robinson
equation of state. The non-equilibrium part in the model is accounted by incorporating the
energy of viscous flow. The expression obtained for the thermal diffusion factor in a binary
mixture has the form of:
αT =
U1/τ1−U2/τ2
x1
(
∂ µ1
∂x1
)
T p
+
(V2−V1) (x1U1/τ1 + x2U2/τ2)
(x1V1 + x2V2)x1
(
∂ µ1
∂x1
)
T p
, (1.30)
where Ui and Vi are partial molar volume and partial molar internal energy, τi is the ratio of the
energy of vaporization and the energy of viscous flow for component i. This model together
with two previously developed models of Kempers [71] and Rutherford [138] were tested for
three groups of mixtures: hydrocarbon systems CH4/C3H8, CH4/C4H10, C7H16/C12H26 and
C7H16/C16H34; nonpolar nonhydrocarbon systems Ar/CO2, N2/CO2, H2/N2 and H2/CO2
and hydrocarbon/nonhydrocarbon systems CH4/N2, CH4/CO2. The comparison of theoret-
ical results with experimental data show the better performance of Shukla and Firoozabadi
model in comparison with two other models. Kempers model becomes more reliable in non-
hydrocarbon mixtures. In contrast the Rutherford model was found to be more reliable than
Kempers model in hydrocarbon mixtures but it fails in nonhydrocarbon mixtures.
Semenov model Semenov and Schimpf [151], derived expressions for the thermal diffu-
sion coefficient for a liquid mixture by hydrodynamic approach. They supposed that the local
pressure distribution in a stationary state is not uniform due to asymmetry in the distribution
of molecules around the particle. The same asymmetry produces also a local volume force
on the particle. According to the Navier-Stockes equation
η4u =−∇Πloc + floc, (1.31)
where η is the dynamic viscosity of the liquid, u is the velocity of the liquid, Πloc is the local
pressure distribution around the particle, and floc is a local volume force in the liquid around
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the particle. It was suggested, that the validity of this approach does not depend on the size
of the particle if the size is comparable or larger than one of the solvent molecules.
The Soret was derived as a function of specific molar volumes υi, Hamaker constants Ai,
thermal expansion coefficient αTi, volume fraction φ
ST =
4
3
A2
kT
(√
A1
A2 −1
)
[αT 1 (1−φ) υ2υ1
√
A1
A2 +αT2φ ]
φ + υ1υ2 (1−φ)+ 43
A2
kT
(
υ2
υ1
√
A1
A2 −1
)(
1−
√
A1
A2
)
(1−φ)φ
. (1.32)
The model shows satisfactory agreement with experiment for toluene/n-hexane mixture
[151]. The application of this model to other mixtures is rather difficult due to the unknown
Hamaker constants for most of the common solvents.
1.3.2 Comparison with experiment
In Sec. 1.3.1 we have presented several theoretical models for the description of the Soret ef-
fect. In some cases theoretical results have been compared with the experimental results.
Nevertheless, a more detailed comparison between experimental results and the different
models is required in order to get a better feeling for the strength and the weakness of the
various models.
Bagnoli [11] have compared the values of the Soret coefficient calculated from different
thermodynamic models but not for the hydrodynamic model by Semenov and Schimpf with
different sets of experimental data (71 binary mixtures). Several equations of state were used
to determine the thermodynamic properties needed for the calculations. It was found, that
none of the models describes correctly the thermal diffusion factor for all the mixtures. The
Haase model was found to be the best for the systems of n-Pentane + n-Decane and Methane
+ n-Butane. The mixtures of Benzene + Cyclohexane and Methane + n-Propane are well
described by Shukla and Firoozabadi model as well as by the Haase model. At the same
time the Haase model can not be treated as universal because it was only able to predict the
correct sign for 50 mixtures out 71 mixtures. The Kempers approach together with Shukla
and Firoozabadi model, estimated the correct sign for 36 mixtures. The Kempers model of-
ten overestimates the Soret coefficient with respect to the experimental data. Both models
of Dougherty and Drickamer do not provide reasonable description for the investigated mix-
tures. For most of the mixtures, these models together with Shieh model give the opposite
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sign of the Soret coefficient with respect to Kempers and Shukla and Firoozabadi approaches.
Recently, Jiang et al. [68] compared experimental results for ethanol/water mixtures with
predictions of existing theoretical approaches (Haase, Kempers, Dougherty and Drickamer,
Shukla and Firoozabadi models). The thermodynamic properties of water/ethanol mixtures
were calculated using the Cubic Plus Association equation of state. Dougherty and Drick-
amers model as well as Kempers and Haase model predict 30 times higher ST than in the
experiment observed. The Soret coefficient predicted by the Firoozabadi model is about 7
times larger than experimental value. At the same time, none of these thermodynamic mod-
els can predict the sign change of ST in the water rich region.
In conclusion none of the thermodynamic models describe the thermal diffusion behavior
of all systems well. For particular systems the experimental values agree with the model
while for others the predictions fails by an order of magnitude. Additionally, the calculated
thermal diffusion factors are very sensitive to the values of the partition molar properties
calculated from chosen equations of state. This requires the improvement of the equations of
state.
1.4 Calculation of the Soret coefficient
In this section we present two simulation approaches for the calculation of the Soret coef-
ficient. The first one, is a simple lattice model, based on statistical mechanics, while the
second one, so called heat exchange algorithm, is based on the integration of the Newtonian’s
equations of motion.
1.4.1 Two-chamber lattice model
In the canonical description, the system is described by its microscopic states, which we
denote by index i. Each state i has an energy Ei. The canonical partition function is given by
Z = ∑e−β Ei , (1.33)
where the ”inverse temperature” β is defined as (kBT )−1. The probability that the system
occupies a microstate i is given by
Pi =
1
Z ∑e−β Ei. (1.34)
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Figure 1.2: Illustration of the lattice model for simulating a binary mixture in equilibrium.
The partition function can be related to thermodynamic properties. For example the ensemble
average for the energy E is equal to the sum of the microstate energies Ei weighted by their
probabilities
E = ∑EiPi = 1Z ∑Eie−β Ei =−
1
Z
∂
∂β Z =−
∂ lnZ
∂β . (1.35)
In the same way the heat capacity and the pressure can be calculated
Cv =
1
kBT 2
∂ 2lnZ
∂β 2 P = kBT
∂ lnZ
∂V . (1.36)
Thus, if we know the partition function we can calculate any thermodynamic property for our
system.
This approach can be applied to describe a liquid mixture. In order to calculate the parti-
tion function we need to define the microstate, calculate the number of possible microstates
and calculate the energy (Ei) of each microstate. The microstate in this case is associated
with the given distribution of molecules in the simulation box (c.f. Fig. 1.2). The simulation
box is treated as a fixed number of lattice sites (Ntotalsites). One given molecule (type A or B)
occupies one site (in general case the size of the molecules can also be taken into account).
The number of possible microstates g(Ntotalsites,NA,NB) can be determined from combina-
toric rules. In the simplest case the energy of different microstates for a given concentration
can be assumed to be equal. The partition function of the system can then be written in a
12
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Figure 1.3: Illustration of the lattice model for a simulation of a binary mixture in the station-
ary state.
simple form
Z(Ntotal sites,NA,NB) = g(Ntotal sites,NA,NB)e−β E(Ntotal sites,NA,NB). (1.37)
In the simplest case the energy of the given microstate can be written in terms of intermolec-
ular interaction energies εi j
E =
(
NA
NA +NB
)2
εAA +
(
NB
NA +NB
)2
εBB +
NANB
(NA +NB)2
εAB. (1.38)
The model fitting parameters εAA, εBB, εAB and the volume per lattice site can be found by
representing physical properties, such as heat capacity and density of the pure components
and of the mixture.
Luettmer-Strathmann has extended this approach and applied it to mixtures in the non
equilibrium state [90]. Our simulation box consists in this case of two equal chambers with
slightly different temperatures (c.f. Fig. 1.3). The molecules of each type can be found
then either in chamber I (NIA, NIB) or in chamber 2 (NIIA , NIIB ). The partition function of the
whole system is the product of the partition functions of the chambers ZIZII , summing over
all possible configurations
Q = ∑ZI(Ntotal sites2 ,T,NIA,NIB)ZII(
Ntotal sites
2
,T,NIIA ,NIIB ). (1.39)
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The average concentration xI,IIA in the first (or second) chamber is given by
x
I,II
A =
1
Q ∑
NI,IIA
NI,IIA +N
I,II
B
ZI(
Ntotal sites
2
,T,NIA,NIB)ZII(
Ntotal sites
2
,T,NIIA ,NIIB ). (1.40)
Finally, the Soret coefficient of component A is calculated
ST =− 1
xA (1− xA)
xIA− xIIA
T I −T II , (1.41)
where xA = NA(NA +NB) is related to the whole system.
This model has been successfully applied to determine the Soret coefficient of ethanol in
water [91] and PEO in water/ethanol mixtures [74].
1.4.2 Molecular dynamics simulations
Equilibrium molecular dynamic In the previous section we have described the two-chamber
lattice model, which is based on general thermodynamical rules. The molecular dynamic
method describes the behavior of a system on the molecular level. In this method Newton’s
equations of motion are solved. First we prepare a sample: we select a model system con-
sisting of N particles. We should assign initial positions and velocities to all particles in the
system. Then we can calculate the force acting on a given particle
~f =−∇U, (1.42)
The potential functions representing the non-bonded energy are formulated as a sum over
interactions between the particles of the system. The simplest choice, employed in many
popular force fields, is the ”pair potential”, in which the total potential energy can be calcu-
lated from the sum of energy contributions between pairs of atoms. An example of such a
pair potential is the non-bonded Lennard-Jones potential and Coulomb’s law [54]
U = 4εi j
[(
σi j
ri j
)12
+
(
σi j
ri j
)6]
+
qiq j
4piri jεε0
, (1.43)
where ri j is the distance between two particles, qi and σi - their charges and diameters, ε0 and
ε are the vacuum permittivity and the effective dielectric constant. Lennard-Jones parameters
for mixed interactions can be obtained from the Lorentz-Berthelot mixing rules [54]
εi j =
√
εiiε j j σi j =
σ j j +σii
2
. (1.44)
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For describing the motion of the atoms belonged to the same molecule, one needs to
consider additional contributions to the interaction potential.
Ubond = ∑
bonds
kr
2
(r− r0)2 , (1.45)
Uangles = ∑
angles
kϕ
2
(ϕ−ϕ0)2 , (1.46)
Uharmonic dihedral = ∑
harmonic dihedral
kδ
2
(δ − δ0)2 , (1.47)
Utorsion = ∑
torsions
kτ
2
[1− cos p(τ− τ0)], (1.48)
where r is the distance between two atoms , ϕ is a bond angle, δ is a harmonic dihedral angle,
τ is a torsional angle (p is the periodicity of the potential) and k is the force constant. The
subscript ”0” identifies the equilibrium value. The position and velocity of each atom in a
timestep 4t can then be calculated using Newton’s equations of motion
vn+1/2 = vn−1/2 +
4t
m
fn xn+1/2 = xn +4tvn+1/2. (1.49)
Equilibrium simulations we performed at constant pressure and temperature using the Berend-
sen’s thermostat [16]
dT
dt =
1
τT
(Tbath−T ) dPdt =
1
τP
(Pbath−P), (1.50)
where P and T are the actual temperature and pressure of the system, Pbath and Tbath are the
target values, τP and τT are characteristic times which determine how quickly the system
reacts to a deviation from the target values. A constant temperature is regulated by a uni-
form scaling of the atom velocities and a constant pressure by a uniform scaling of the atom
positions and the box lengths.
Reverse non equilibrium molecular dynamics (RNEMD) In order to calculate the
Soret coefficient we need to impose the temperature gradient in our simulation box. This
can be done using the so-called heat exchange algorithm (HEX) [65]. For all simulations
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Figure 1.4: Illustration of the heat exchange algorithm for determination of the Soret coeffi-
cient by non equilibrium simulation.
we have used the YASP package, developed by Mu¨ller-Plathe [126]. The simulation box
with periodic boundary conditions is divided in n slabs. Fig. 1.4 shows the left half of the
simulation box. The left slab designated as the hot slab and the right one - the cold slab. In
the beginning our system is in equilibrium state and the temperatures of all slabs are equal.
The temperature difference between the left and the right slabs is created by exchanging the
Cartesian velocity vectors of the hottest particle of the cold slab and the coldest particle of the
hot slab each Nexch timestep of our RNEMD simulations. Due to the conservation of energy
it leads to a heat flow jz through our simulation box. In the steady state, the magnitude of jz
is equal to the imposed unphysical energy flow.
jz = 12tA ∑transfer
m
2
(
v2hot− v2cold
)
, (1.51)
where A is the cross sectional area of the simulation box perpendicular, t is the length of the
simulation, vhot and vcold are the velocities of the hot and the cold particle of the same mass
m, whose velocities are exchanged. For mixtures of molecules the Cartesian centre-of-mass
velocity vectors of the two selected molecules need to be exchanged in order to keep their
conformations. In this way the relative velocities of all atoms in the given molecule remain
unchanged. The Cartesian centre-of-mass velocity vector is defined as
~vcm = ∑
all atoms in
molecule
mi~vi

 ∑
all atoms in
molecule
mi


−1
, (1.52)
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where mi and vi are masses and velocities of atoms in the given molecule. The temperature
in a molecular dynamics simulation with constraints is given by the equipartition theorem(
3N−C
2
)
kBT =
1
2
〈∑
i
miv
2
i 〉, (1.53)
where C is the number of constraints in the given slab. The Soret coefficient of a binary
mixture can be calculated using Eq. 1.19 with the concentration gradient and the temperature
gradients, obtained from simulations.
RNEMD simulations were performed for many kinds of simple mixtures. The equimolar
mixtures of Lennard-Jones particles with different sizes, masses and the deeps of interac-
tion potential were studied by Reith et al [126]. Later, a more realistic mixture of methane
in ”super” methane was studied by Galliero et al [56]. The properties such as mass, size
and strength of interactions of the ”super” methane were systematically varied being first
similar to methane and then becoming more different. Artola et al. [9] investigated the con-
centration dependence of the Soret coefficient on the molecular interaction parameters for
LJ mixture. Galliero et al. [55] used the LJ approximation to investigate the thermal diffu-
sion behavior in pentane/decane mixture. Thermal diffusion behavior of methane/n-decane
and pentane/n-decane mixtures was investigated by Simon et al. [156] and Perronace at.
al [113] using a united atom description of the alkanes. The Soret coefficient calculated
for benzene/cyclohexane mixtures [189] and the mixtures of methanol, ethanol, acetone and
dimethylsulfoxide (DMSO) in water [104] with a full atomistic description of the molecules
are in satisfactory agreement with the experiment.
1.5 Experimental methods
In this section we present an overview of the different experimental methods for measuring
the Soret coefficient. One needs highly sensitive experimental methods in order to work
with extremely small temperature and concentration gradients. In order to determine the
Soret coefficient, the steady state needs to be reached, which can take a long time if the cell
dimensions are large and the mutual diffusion is slow. Those long measurement times in
the order of days require an excellent stability of the experimental set-up. Often the thermal
diffusion process is disturbed by convection effects. If in the experimental arrangement the
convection can not be suppressed it needs to be accounted for.
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Figure 1.5: Schematic drawing of a thermal diffusion forced Rayleigh scattering (TDFRS)
setup
1.5.1 Thermal Diffusion Forced Rayleigh Scattering
In 1978, Thyagarajan for the first time observed a fast heat and a slow concentration mode in
a forced Rayleigh scattering experiments on a mixture of CS2 and ethanol [163]. During the
last years, the optical holographic grating technique has been improved [76, 182, 129] and
applied to study thermal diffusion behavior in simple and complex fluids. The experimental
setup (c.f. Fig. 1.5) is mounted on an optical table with tuned damping. An argon-ion laser
(488 nm) is used as writing beam. The beam is spatially filtered and expanded to a diameter
of 5-10 mm. The polarization is perpendicular to the optical table. The beam is splitted
into two beams of equal intensity with a beam splitter. Glan prisms are used to refine the
polarization for better contrast. A mirror is mounted on piezo ceramics, which is used for
phase stabilization and phase modulation of the grating. The Pockels cell and the half wave
plate are used to shift the grating by 180 ◦. The writing beams are reflected by two prisms
towards the sample cell. The positions of the two prism and the distance to the intersection
point of the two beams determine the grating vector q. The angle θ between the two writing
beams is typically between 2-4 ◦. Such a small angle is measured by imaging the interference
grating directly on a CCD camera using the flip mirror M1. Analyzing the distance between
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the fringes allows to determinate the grating vector q = 4pi sin(θ/2)/λ with an accuracy
of 0.5 %. The mirror M2 in front of the CCD camera reflects the grating directly on the
photomultiplier. By selecting one of the interference stripes the excitation function can be
measured directly. Generally, the excitation is not ideal and takes ≈ 10 µs to rise up to 90 %
of the plateau value and the final plateau is reached after 160 ms due to the finite switching
time of the Pockels cell. The measured excitation function is used for correction of the
measured TDFRS signal [109].
The sample cell is mounted inside a brass holder and can be adjusted in directions or-
thogonal to the optical axis. A quartz cell (Hellma) with a layer thickness of 0.2 mm, is used
for TDFRS measurements. The temperature of the brass holder is controlled by a circulating
water bath from a thermostat (Lauda) with an uncertainty of 0.02 ◦C. By using an external
temperature sensor, the thermostat controls the temperature in the cell. The diffraction ef-
ficiency of the refractive index grating in the sample cell is read by a He-Ne laser with a
wavelength λ =632.8 nm at the Bragg angle. A pinhole and bandpass filter in front of the
detector separate the diffracted beam from stray light and the light of the writing beams. A
single mode fiber is directly connected to the photomultiplier tube operating in photon count-
ing mode (c.f. Fig.1.5).
The measured intensity I in the TDFRS experiment contains contributions from the elec-
tric field amplitude of the diffracted beam Es, the coherent electric field amplitude Ec and the
incoherent electric field amplitude Einc
I =| Ec +Eseiφ |2 +E2inc = E2s +2EsEc cosφ +E2c +E2inc, (1.54)
where φ is the phase shift between the signal and the coherent background. The background
from incoherent scattering can be completely suppressed by heterodyne (Shet) signal detection
Shet =
1
2
(Iφ − Iφ+pi) = 2EcEs cosφ . (1.55)
Due to this reason in actual TDFRS experiments, the heterodyne detection is always superior
to the homodyne (Shom) [129]
Shom =
1
2
(Iφ + Iφ+pi) = E2s +E2c +E2inc. (1.56)
Working equations An optical grating is created by the interference of two writing beams
operating at the wavelength λ =488 nm. The dye with a strong adsorption band at this wave-
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length converts the optical grating into a temperature grating. The evolution of the tempera-
ture grating can be described as
∂T (x,t)
∂ t = Dth
∂ 2
∂x2 T (x,t)+S(x,t) (1.57)
where Dth is thermal diffusivity and the source term S(x,t) is given by
S(x,t) = αρcp
I(x,t) = S0 +Sq(t)eiqx, (1.58)
where α is an optical absorption coefficient, cp the specific heat at constant pressure, ρ is the
density and I(x,t) is the intensity of the writing beam. Eq. (1.57) is solved by
T (x,t) = T0 +Tm(t)+Tq(t)eiqx, (1.59)
where T0 is the initial sample temperature and Tm(t) = αI0t/ρcp is the mean sample temper-
ature. The amplitude Tq(t) of the temperature grating is expressed as a linear response for
arbitrary excitations Sq(t) = α(ρcp)−1Iq(t):
Tq(t) =
∫ t
−∞
dt ′Sq(t ′)e−(t−t
′)/τth (1.60)
where τth = (Dthq2)−1 is the decay time for the heat diffusion, after which a stable tempera-
ture grating is reached.
The build-up of the concentration grating due to the Ludwig-Soret effect in a fluid mixture
can be evaluated from the one-dimensional diffusion equation
∂c(x,t)
∂ t = D
∂ 2
∂x2 c(x,t)+DTc0(1− c0)
∂ 2
∂x2 T (t,x) (1.61)
with the solution
c(x,t) = c0 + cq(t)e
iqx (1.62)
where
cq(t) =−q2DTc0(1− c0)
∫ t
−∞
dt ′Tq(t ′)e−(t−t
′)/τ . (1.63)
with τ the decay time associated with the collective diffusion. The resulting refractive index
grating can be expressed as
n(x,t)−n0 = nq(t)eiqx = [( ∂n∂T )c,pTq(t)+ (
∂n
∂c )T,pcq(t)]e
iqx, (1.64)
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where n0 is the refractive index at the readout wavelength (633 nm). The heterodyne diffrac-
tion signal ζhet(t) is proportional to the refractive index modulation depth:
ζhet ∝ EcEs cosφ ∝ nq(t) (1.65)
Combining Eqs.1.59, 1.60, 1.63, 1.64, 1.65, the heterodyne signal can be evaluated as
ζhet = 1− e−t/τth−A(τ− τth)−1[τ(1− e−t/τ)− τth(1− e−t/τth)] (1.66)
where A is the ratio of the steady-state amplitudes of the concentration grating ζc(t → ∞) to
the thermal contribution ζth(t → ∞):
A =
ζc(t → ∞)
ζth(t → ∞) = (
∂n
∂c )p,T (
∂n
∂T )
−1
p,cSTc0(1− c0) (1.67)
Using the fact that the build-up of the temperature grating is much faster than the build-up of
the concentration grating, Eq.1.66 can be simplified, by using τth  τ , to
ζhet = 1− e−t/τth−
(∂ n
∂ c
)
p,T
( ∂ n
∂ T
)−1
p,c
STc0(1− c0)(1− e−t/τ). (1.68)
Eq.1.68 is fitted the experimental heterodyne diffraction signal and determined the transport
coefficients Dth, D, DT and Soret coefficient ST . The two contrast factors (∂n/∂T )c,p and
(∂n/∂c)T,p have to be obtained separately.
Contrast factors The contrast factors (∂n/∂c)T,p is measured by an Abbe refractometer
at 589 nm with further correction for the wavelength of the readout laser (633 nm). The
contrast factor (∂n/∂T )c,p was measured with a Michelson interferometer at 633 nm. Figure
1.6 shows a sketch of the (∂n/∂T )-setup. Two foil polarizers are used to adjust the intensity.
The laser beam is splitted into two beams. One beam goes through the beam splitter to the
measurement cell and is reflected at the windows of the measurement cell. The reflected beam
at the front window (a, b) and at the back window (c, d) are superposed at the photodiode.
The main contribution of the reflections stem from a and d due to the larger refractive index
differences (∼ 0.5) to air compared to the smaller refractive index differences at b and c
(∼ 0.01) at the inner window, which is in contact with the liquid. The optical path difference
depends on the change of the refractive index n and nw and the length l and lw of the sample
and the window, respectively
ds = d(nl)+d(2nwlw). (1.69)
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Figure 1.6: Sketch of the ∂n/∂T interferometer
The temperature derivative of refractive index is obtained by,
∂n
∂T =
1
2kl ·
∂φ
∂T −2 ·
nw
l ·
∂ lw
∂T −2 ·
lw
l ·
∂nw
∂T −
n
l ·
∂ l
∂T . (1.70)
For this setup, nw=1.457. The thermal expansion coefficients (1/lw) · (∂ lw/∂T ) and (1/l) ·
(∂ l/∂T ) are 5.1E-7 K−1 and 7.5E-7 K−1, respectively, and 2 · (lw/l) · (∂nw/∂T ) is 2.45E-
6 K−1 [Ref. 182].
Validation of TDFRS method TDFRS method was validated for three binary mixtures
of simple molecules in a benchmark test [116]. Generally, it was applied to different kind of
mixtures: simple fluid mixtures [36, 113, 75, 111, 183, 185] polymer solutions [34, 72, 123],
micellar solutions [109, 110] and colloidal dispersions [33, 106]. The advantages of the
method are a small temperature difference (∼20 µK) and a small fringe spacing (∼20 µm)
which keeps the system close to the thermal equilibrium and allows also the investigation of
slow diffusing systems such as polymers and colloids. On the other hand it works also for
low molecular weight mixtures. This technique can also be applied to ternary mixtures, when
one of the components diffuses much slower than the others [74]. The main disadvantage is
that for some associated mixtures the addition of a small amount of inert dye, which converts
the optical grating in a temperature grating, can sometimes influence the observed thermal
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diffusion behavior [33, 109].
1.5.2 Thermal lens method
The thermal lens (TL) effect is nowadays widely used in microscopy [99], absorption spec-
trometry [22], in analysis of trace components in gas - and liquid - phase samples [88], for
investigation of the population redistribution between excited and ground levels in ion-doped
materials [120], etc. This effect was first observed by Gordon et al. [62] in a liquid placed
within the resonator of a helium-neon laser. Later, Giglio and Verdramini [59] noticed that
the thermal lens in a binary mixture was noticeably larger than in pure components. The first
full theoretical description of the thermal lens effect was done by Sheldon et al. [152]. Dif-
ferent types of TL techniques (one or two beam configuration and open or closed aperture)
have been developed [83]. In this work we consider a classical one beam thermal lens setup
with closed aperture of the detector for investigation of the thermal diffusion in liquids.
In a thermal lens experiment the Gaussian laser beam is used for both heating and de-
tection simultaneously. The uniform local heating of the partially absorbing medium by the
laser beam creates a lens due to the dependence of the refractive index on temperature. Typ-
ically, this lens is concave because ∂n/∂T is negative for liquids (c.f. Fig. 1.9). In a binary
mixture additionally a Soret lens is formed due to the dependence of the refractive index
on concentration. The physical properties of the formed lenses can be probed by measuring
the intensity of the central beam with time or by measuring the intensity as function of the
distance z between the sample and the beam waist. Analyzing the data the Soret, thermal
diffusion and mutual diffusion coefficients can be calculated.
The basic equations The temperature change in the sample as a function of radius and
time 4T (r,t) can be obtained from the heat equation
cρ ∂∂ t4T (r,t) = q˙(r)+λ ∇
24T (r,t), (1.71)
where λ is the thermal conductivity, c is the heat capacity, ρ is the density and q˙(r) is the
heat source term. The source term can be calculated from the changing of the intensity of the
Gaussian beam passed through the sample with a thickness l and absorbtion b
q˙(r) =
4I
l ≈ I0b =
0.48Pb
piω2
exp
(−2r2
ω2
)
, (1.72)
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Figure 1.7: Change in beam divergence of a sample with negative ∂n/∂T , which moves
through the beam waist. The dashed lines show the divergence of the beam without the
presence of a nonlinear sample.
where P is the power of the laser and ω is the beam diameter. The solution of Eq. 1.71 is
4T (r,t) = 0.48P
picρω2
∫ t
0
(
1
1+2t/τth
)
exp
(−2r2/ω2
1+2t/τth
)
dt. (1.73)
The temperature gradient forms during a characteristic time τth
τth =
ω2
4Dth
, (1.74)
which is determined by the size of the beam and the diffusivity Dth of the sample.
The central beam intensity can be calculated using diffraction integral theory. The com-
plex phase amplitude of the wave after the pinhole UP(r,t) (c.f. Fig. 1.8) is a result of the
superpositions of Huygens spherical waves Uspherical(r,t)
Up(t) =
i
λ
∫
∞
0
∫ 2pi
0
Uspher(r,t)
(
1+ cosα
2
)
exp[−i(2pi/λ )|~R−~r|]
|~R−~r| rdrdθ . (1.75)
The phase of the spherical wave is determined by the distance between the source of the
spherical wave and the detector, which can be approximated
2pi
λ
√
r2 +R2 ≈ 2piλ
(
R+
r2
2R
)
. (1.76)
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Figure 1.8: To the calculation of the intensity after pinhole. P is the position of detector.
and by the optical path variation along~r
2pi
λ l[n(r,T )−n(0,T)]≈
2pi
λ n0l +
2pi
λ
dn
dT l[4T (0,t)−4T(r,t)]. (1.77)
The spherical wave can be written as
Uspher(r,t) = Aexp
(
− r
2
ω2
)
exp
(
− ipiλ (
r2
R
+2l dndT [4T (0,t)−4T(r,t)])
)
. (1.78)
Combining Eq. 1.73, 1.75, 1.78 and considering |~R−~r| ≈ R the intensity at the detector
position after pinhole I = |Up(t)|2 can be calculated
I(t) = I(0)(1+ f (θth,γ,τth,t)); f = Aθth +Bθ 2th. (1.79)
The dimensionless parameter γ characterizes the distance from the cell to the beam waist.
The parameter θth characterizes the strength of the thermal lens and is given by
θth =−0.52Pbl
κλ
∂n
∂T . (1.80)
The coefficients A and B are given by Eq. 1.81 and 1.82, respectively.
A =−atan
[
2γ
3+ γ2+(9+ γ2)τth/2t
]
. (1.81)
B =
A2
4
+
(
1
4
ln
[
[(2+ τth/t)(3+ γ2)+6τth/t]2 +16γ2
(9+ γ2)(2+ τth/t)2
])2
. (1.82)
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The Soret lens is described by the same equations. In order to take into account the Soret
effect an additional term f (θSoret ,γ ,τSoret ,t)) needs to be added to Eq. 1.79. Then the Soret
coefficient ST for a binary mixture with concentration c is given by
ST =−θSoretθth
∂n/∂T
∂n/∂c c
−1(1− c)−1; (1.83)
The experimental measured signal I(γ,t) (time or coordinate dependence with respect to the
beam waist) is fitted using Eq. 1.79. Then the thermal conductivity (κ) or the Soret coefficient
(ST) can be calculated (c.f. Eq. 1.80 or 1.83, respectively).
Validation of thermal lens method The equilibration time in the thermal lens method is
relative short compared to the diffusion cell due to small distances in the order of the focal
beam width, which makes it possible to investigate slow diffusing systems (polymer solutions
or colloidal dispersions). So far the thermal lens method has not been validated in a bench-
mark. However, it has been used to study the thermal diffusion behavior of ferrofluids [7]
and ionic surfactant systems [137]. These studies showed agreement with forced Rayleigh
scattering and beam deflection measurements, respectively. In contrast, Voit [172] did not
find agreement with other methods. For one of the benchmark mixtures n-dodecane/1,2,3,4
tetrahydronaphthalene, Voit found a 40% too small value, which was probably due to con-
vection.
The main advantage of the method is that we can avoid the addition of a dye for aqueous
systems by using an infrared laser, as far as water shows a weak absorption band at a wave-
length λ = 980 nm. The main disadvantage is the sensitivity to convection, astigmatism of
the beam and the fact that no single scattering vector q can be selected, as in the case of the
grating experiments.
1.5.3 Thermogravitational column
Thermogravitational column is one of the oldest methods for the measurement of the thermal
diffusion coefficient. Fig. 1.9 shows the sketch of the experimental setup. Thermogravitational
column consists of two hollow tubes connected to each other on top and bottom. The gap be-
tween them is filled by the investigated mixture. Each tube is maintained at constant but
different temperatures, establishing the temperature gradient in the investigated mixture. The
denser component migrates to the cold wall due to the thermal diffusion effect and then to the
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Figure 1.9: the sketch of the thermogravitational column.
bottom due to convection. After the stationary state is reached, samples are taken from five
sampling ports and their concentration is determined by density measurements. The obtained
difference in concentration4c between bottom and top is used for calculation of the thermal
diffusion coefficient [45]
DT =
αg4c
504νc(1− c)
L4x
Lz
, (1.84)
where ν is the kinematic viscosity, α is the thermal expansion coefficient, g is the gravity
acceleration, Lz is the height of the column and Lx is the gap between the two tubes. Due to the
fact that DT depends on Lx to the power of four precise measurement of Lx and its uniformity
along the entire length of the column are required. Also the characteristic relaxation time tr
depends strongly on Lx [45]
tr =
9!Lz2ν2D
(pi4TgαL3x)2
. (1.85)
Typical experimental conditions are a temperature difference of 4T = 5◦C, a gap of Lx = 2
mm. With a diffusion coefficient of D = 4×10−6 cm2s−1 this leads to a relaxation time of
tr ≈ 30 min. For comparison in a TDFRS and TL setup the steady state is reached after 100
ms and 100 s, respectively.
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Figure 1.10: Schematic diagram of the thermal diffusion cell method.
Since 1949 thermogravitational columns have been employed to determine thermal dif-
fusion coefficient for different mixtures [167, 159, 92, 165, 144]. However, in those older
studies the results were often not consistent and often only quantitative information about the
thermal diffusion factor could be obtained. The main reasons are a lack of a precise theory
and convection problems. Another difficulty is due to the small values of ST (in the order of
10−3 K−1 for low molecular weight mixtures), the resulting mass fraction gradient is usually
very small (less than 1% mass fraction difference between two walls). In the last decade
this technique was significantly improved and shows now satisfactory agreement with other
experimental methods for the mixture toluene/n-hexane [20] and the three binary mixtures of
1,2,3,4-tetrahydronaphtalene, isobutylbenzene and n-dodecane [116].
1.5.4 Thermal diffusion cells
A thermal diffusion cell is a traditional experimental method for measuring the Soret coeffi-
cient [48, 178, 95, 102, 60]. Fig. 1.10 shows a sketch of the experimental setup. The heating
of the investigated liquid from above and cooling from bellow leads to a concentration gradi-
ent in the vertical direction due to thermal diffusion. The laser beam propagates horizontally
through the liquid mixture. The Soret and the mutual diffusion coefficients are calculated
from the time dependence of the laser beam deflection4Z [17]
4Zstaionary(t) = l1LT2−T1h [
dn
dT −STc(1− c)
dn
dc
(
1− 4
pi
exp(−t/τD)
)
], (1.86)
where l1 is the liquid path length, h is the height of the liquid, L is the distance from the cell to
the detector and τD = h2/pi2D is the equilibration time. For low molecular weight mixtures
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and a typical height of 2 mm, the equilibration time is τD ≈ 10 min. This technique has
been used to investigate toluene/n-hexane [188] and ethanol/water [78, 188] mixtures. The
obtained results are in a good agreement with other techniques.
1.6 Overview of binary simple liquid mixtures
So far there is no microscopic understanding of the Soret effect. Apparently, the magnitude
as well as the sign of ST are very sensitive to the chosen mixture. Generally, there is no
Soret effect in the mixture of absolutely equal components due to the principle of symme-
try. The Soret effect is basically the response of the system to the difference between two
mixing partners. This simple conception was investigated in detail by experiments and by
simulations.
The Soret coefficient of equimolar mixtures Molecular dynamics simulations of equimo-
lar mixtures of particles [126] and spherical molecules [56] show that the component with the
larger mass, the smaller radius and the larger depth of the interaction potential moves to the
cold side. However, the experimental investigation of fairly simple equimolar mixtures with-
out specific interactions show clearly that this simple relation between the Soret coefficient
and physical properties of the components is not general [179]. The depth of the interac-
tion potential was associated with the difference in the solubility (Hildebrandt) parameter
δ of the two mixing partners. The Hildebrandt parameter can be estimated according to
δ =
√
(ρ(Hv−RT))/(M) with the gas constant R and vaporization enthalpy Hv. The Hilde-
brandt parameter concept works well for the binary mixtures of cis-declin, 2-methylbutane
and cyclohexane. For these mixtures the component with larger mass and larger density also
moves to the cold. On the other hand the solubility concept fails for the binary mixtures of
1,2,3,4-tetrahydronaphthalene, n-dodecane and isobutylbenzene. For those three binary mix-
tures the component with the larger density moves to the cold side, but not the component
with the larger mass.
The mass effect was investigated in more detail for different binary isotopic mixtures of
the same substance. The measured Soret coefficient for chlorbenzene/chlorbenzene [139],
brombenzene/brombenzene [139] and benzene/benzene [140] mixtures with different degree
of the isotopic substitution can be described by a simple phenomenological expression con-
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sisting of two additive terms. The first term is due to the difference in mass δM and the
second one is due to the difference in the moment of inertia δ I between two isotopically
substituted molecules of the same type
ST = aMδM+bIδ I. (1.87)
The same holds also for four isotopically substituted CO and two N2 systems [19] but with
slightly different values of aM and bI .
Concentration dependence of the Soret coefficient
Debuschewitz et al. [36] investigated experimentally mixtures of benzene isotopes in iso-
topes of cyclohexane. They considered an additional third term in Eq. 1.87 the so called
chemical contribution S0T in order to describe the experimental data. The chemical contribu-
tion is a function of concentration in contrast to the mass and the moment of inertia terms.
Wittko et al. [183] measured also the isotope effect 4ST, which is the change of ST after
isotopic substitution of cyclohexane (C6H12 to C6D12) in benzene, hexane, toluene, 1,2,3,4-
tetrahydronaphtalene, isobutylbenzene, 1,6-dibromohexane and acetone. The obtained value
4ST ≈ 0.99 10−3 K−1 neither depends on concentration nor on the mixing partner. Only
in case of the polar acetone 4ST is approximately 30 % larger but still concentration inde-
pendent. The isotope effect is not only independent of composition but also of temperature
[185].
Many mixtures of simple molecules show a weak concentration dependence of the Soret
coefficient in comparison to the associated ones. The dependence of ST on concentration
for carbon tetrachloride in methanol and ethanol is non-monotonic and ST is equal to zero
in carbon tetrachloride rich region [20]. Other associated mixtures like benzene/methanol
[69], methanol/water [164], ethanol/water [74], acetone/water [111], dimehtylsulfoxide water
[111], benzene/methanol show a sign change of ST with concentration. For aqueous solutions,
it was noted [74, 111] that the sign change concentration correlates with concentration, where
the hydrogen bond network breaks down by addition of the second non-aqueous component.
MD simulations for LJ mixture of equal mass and equal size [9] as well as lattice calcu-
lation for ethanol/water mixture [90, 91] show that the slope ST(x) as well as the sign change
concentration are guided by the ratios of the interaction parameters ε11/ε12 and ε22/ε12. MD
simulations were also performed for the mixtures of non-spherical molecules with taking into
account their architecture and internal motion. The obtained results for n-pentane/n-decane
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[113], benzene/cyclohexane [189], and the associated fluid mixtures of methanol, ethanol,
acetone and dimethylsulfoxide (DMSO) in water [104] are in satisfactory agreement with the
experimental data.
Temperature dependence of the Soret coefficient
Conceptually, the binary organic liquid mixtures can be divided into three groups accord-
ing to the dependence of ST on temperature.
In the entire concentration range for the mixtures from the first group the Soret coefficient
becomes weaker at higher temperatures. Such behavior was observed for benzene/methanol
mixture [69]. This system shows a non-monotonic concentration dependence of ST, which
is retained with increasing temperature. The benzene concentration at which ST changes its
sign increases with temperature. The dibromohexane/cyclohexane mixture [185] can also be
attributed to this group, while ST does not change its sign with concentration.
For the mixtures from the second group the magnitude (not the value) of the Soret coeffi-
cient becomes weaker at higher temperature in a whole concentration range. This effect was
found by Kolodner et al. [78] for ethanol/water mixture. The water concentration at which
ST changes its sign is temperature invariant.
All systems from the third group show a temperature invariant point, which means that
ST is not sensitive to the temperature but the corresponding value of ST is not equal to zero.
Toluene/n-hexane [188] and benzene/cyclohexane [185] mixtures are related to this group.
1.7 Outline of the thesis
The aim of this thesis is to gain a better understanding of the thermal diffusion behavior in
liquid mixtures. First, we investigated liquid binary systems of spherical, chain-like and as-
sociated simple molecules by thermal diffusion forced Rayleigh scattering method (TDFRS).
The influence of physical properties like mass, density, Hildebrandt parameter etc. on ST is
analyzed. For some systems the obtained data were compared with the results from other ex-
perimental methods. Particular attention has been given to the validation of thermal lens (TL)
technique for complex mixtures. The weak sides of both TDFRS method (the presence of the
dye) and TL technique (convection problems) are discussed. Secondly, the Soret coefficient
for some mixtures of spherical and chain-like molecules was calculated using the RNEMD
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method. Obtained data for chain-like mixtures were also compared with recent simulation
results from Luettmer-Strathman. The thesis is organized as follows.
In Chapter 2, we report TDFRS measurements on three binary mixtures of spherical
molecules (carbon tetrabromide, tetraethylsilane and di-tert-butylsilane in carbon tetrachlo-
ride). The results are discussed in the framework of thermodynamic theories and the Hilde-
brand parameter concept. Additionally, we determined the Soret coefficients for both silane/
carbon tetrachloride systems by reverse non-equilibrium molecular-dynamics calculations.
The agreement between experiment and simulations is discussed.
In Chapter 3, we study the thermal diffusion behavior of n-decane in various alkanes by
TDFRS method. The obtained results are compared with the measurements from thermo-
gravitational column techniques. Typically the agreement between the two methods is in the
order of 5%. We analyze and discuss the possible reasons for the discrepancies.
In Chapter 4, the thermal diffusion behavior of binary mixtures of linear and branched
alkanes in benzene is investigated by TDFRS for a range of concentrations and temperatures.
The magnitude of the Soret coefficient decreases with increasing chain length, degree of
branching and alkane content. The model, developed by Luettmer-Strathmann, quantitatively
describes the behavior of the linear alkanes but not of the branched ones. The dependence of
ST on branching is not expected from the thermodynamic properties of the pure alkane fluids,
which are the key parameters of the model.
In Chapter 5, the RNEMD method is applied for the investigation of the thermal diffusion
of heptane and its isomers in benzene. We investigated the concentration dependence of the
Soret coefficient for heptane in benzene and the effect of the degree of branching for equimo-
lar heptane/benzene solutions. Compared to the experimental data, the simulation results
show the same trend versus the molar fraction and the degree of branching. The influence the
degree of branching on ST was attributed to the packing effect and kinetic properties of the
branched heptane isomers.
In Chapter 6, we performed systematic temperature and concentration dependent mea-
surements of the Soret coefficient in different aqueous and non-aqueous associated binary
mixtures using TDFRS. The influence of hydrophilic and hydrophobic interactions as well as
the solubility on the sign change concentration of ST is analyzed.
In Chapter 7, we present a thermal lens (TL) setup. Considering, that TL was not validated
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for a benchmark test we investigated different kinds of simple and complex mixtures with
different orders of magnitude of the Soret coefficient (10−3K−1 10−2K−1 and 10−1K−1).
The measured ST values were compared with the results from TDFRS method. Additionally,
the influence of dye (basantol yellow) on the Soret coefficient for C12E6/water mixture was
investigated with the TL setup. We did not observed the second slow mode found previously
in the concentration part of the TDFRS diffraction signal.
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Mixtures of spherical
molecules: experiment and
RNEMD simulations
We report thermal diffusion forced Rayleigh scattering (TDFRS) measurements
on binary mixtures of carbon tetrabromide (CBr4), tetraethylsilane and di-tert-
butylsilane in carbon tetrachloride (CCl4) at different temperatures and concen-
trations. The Soret coefficient of CBr4 in CCl4 is positive and ST of both silanes
in CCl4 is negative, which implies that always the heavier component moves to
the cold side. This is the expected behavior for unpolar simple molecules. Both
silanes have the same mass so we could study the influence of the difference in
shape and moment of inertia. For all three systems, ST decreases with decreas-
ing CCl4 concentration. The results are discussed in the framework of thermo-
dynamic theories and the Hildebrand parameter concept. Additionally, we de-
termined the Soret coefficients for both silane/CCl4 systems by non-equilibrium
molecular-dynamics calculations. The simulations predict the correct direction
of the thermophoretic motion and reflect the stronger drive towards the warm
side for di-tert-butylsilane compared to the more symmetric tetraethylsilane. The
values deviate systematically between 9-18% from the experimental values. ∗
2.1 Introduction
Thermal diffusion describes the migration of molecules in a temperature gradient. The molec-
ular origin of the effect, also called Ludwig-Soret effect, is one of the unsolved problems in
∗ The work described in this chapter is based on J. Chem. Phys. 127, 014502, 2007
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physical chemistry. In some cases, even qualitative predictions, which are of practical im-
portance, are impossible. The main practical applications are separation processes [145, 29]
such as thermal field flow fractionation of polymers and colloids or isotope separation, char-
acterization of geochemical processes [66, 30] and combustion [128].
Thermal diffusion in liquid mixtures of non-polar fluids is known to reflect a range of
microscopic properties such as the mass, size, and shape of the molecules as well as their
interactions [179]. In mixtures of polar liquids, specific interactions between the molecules
dominate the thermal diffusion process, while mass and size of the molecules are most impor-
tant in Lennard-Jones fluids. For liquids more complex than Lennard-Jones fluids, the Soret
effect appears to depend on a delicate balance of the molecular properties of the components
[36, 183].
Even for fairly simple solvents without specific interactions, there is often no simple
relation between the Soret coefficient and other physical properties. Especially, if the solvent
molecules are not approximately spherical, deviations from some simple rules of thumb are
found. Those are that typically the component with the larger mass or higher density moves to
the cold side, and that the effect becomes stronger if the components are less miscible [179].
For isotopic mixtures of benzene and cyclohexane, it was found that the Soret coefficient can
be written as a sum of three contributions: the mass difference, the difference in moment
of inertia and a chemical contribution [183]. Recently, it was shown by equilibrium and
nonequilibrium simulations of Lennard-Jones mixtures that the composition dependence of
the Soret effect is determined by the chemical contribution [9].
The values of the Soret coefficient can also be compared with the cohesive energy density,
also referred to as the Hildebrand solubility parameter [37, 126, 94, 73]. Two substances are
mutually soluble if the free energy of mixing ∆GM is negative. By definition ∆GM is given
by
∆GM = ∆HM−T∆SM (2.1)
where ∆HM is the enthalpy of mixing per unit volume and ∆SM is the entropy of mixing per
unit volume. The value of ∆SM is determined by the properties of the given mixture such as
composition, compressibility and specific interactions (e.g. hydrogen bonds). For mixtures of
nearly spherical molecules without specific interactions and almost the same sizes, the value
of ∆SM is always positive, while there is a certain limiting positive value of ∆HM above which
36
2. MIXTURES OF SPHERICAL MOLECULES
dissolution is impossible. Hildebrand first correlated solubility with the cohesive properties
of the solvents and made the ansatz for a binary mixture
∆HM = ϕ1ϕ2
(
δ 21 − δ 22
) (2.2)
where ϕ1 and ϕ2 are volume fractions and δ1 and δ2 are the solubility parameters of the two
components. Eq. 2.2 predicts that ∆HM=0 if δ1 = δ2. Hence, two substances with equal
solubility parameters should be mutually soluble. In this limit, the two components become
identical to each other, what makes the Soret coefficient of such mixture equal to zero. This
hypothesis was confirmed by simulations of ST for binary LJ mixtures [126]. It was found
that the component with the larger Hildebrand parameter moves to the cold side. Later,
this concept was successfully applied to non-LJ mixtures of components, which still can be
mapped onto LJ spheres [179].
Thermodiffusion in Lennard-Jones binary fluids was investigated by molecular dynamic
(MD) simulations [126, 56]. In those simulations, the influence of the different LJ-parameters
mass, atomic diameter and interaction strength has been investigated systematically for binary
mixtures. The ratio of one of the parameters was varied, while the others were fixed and equal
for both compounds. The magnitude of the Soret coefficient was observed to depend on all
three ratios. It was found that the heavier species, the smaller species and species with higher
interaction strengths tend to accumulate in the cold region.
In this chapter we investigate rather simple tetrahedral, non-polar molecules, which can
be well approximated by a spherical shape. Experiments on mixtures of tetrahedral liquids are
in principle possible; the side atoms can be halogens, hydrogen or alkyl groups (CH3, C2H5),
whereas the central atom can be turned into C, Si, Ge, Pb, Sn, Ti or other transition metals.
Unfortunately, many of the chemicals containing Sn and Pb are highly toxic. And most of
the others containing Sn, Ge, Si, Ti react with water vapor so that they are not suitable for
systematic investigations with our present set-up. After screening many spherical solvents,
we picked carbon tetrachloride (CCl4), (cf. Fig. 2.1) which has a rather small moment of
inertia (cf. Tab. 2.1). Additionally, we selected tetraethylsilane and di-tert-butylsilane, which
differ in their moment of inertia , but have the same molar mass, which is slightly lower than
the mass of CCl4 (cf. Tab. 2.1). The size of both molecules corresponds roughly to a sphere
with van der Waals radius of 3.51 and 3.57 A˚ respectively (cf. Tab. 2.1). Tetraethylsilane can
better be approximated by a sphere than di-tert-butylsilane. As heavier compound we picked
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carbon tetrabromide (CBr4), which is solid at room temperature, but dissolves in CCl4. Both
carbon tetrahalides can be approximated by spheres with van der Waals radii of 2.91 and 2.73
A˚ respectively (cf. Tab. 2.1 and Sec. 2.2).
Figure 2.1: Sketch of the investigated molecules carbon tetrabromide (CBr4), tetraethylsilane,
di-tert-butylsilane and carbon tetrachloride (CCl4) as ball-and-stick models. The diameter of
the silanes is roughly twice as large as the diameter of CBr4 and CCl4. The reference system
used for the calculation of the moments of inertia listed in Tab. 2.1 is indicated. The z-axis is
perpendicular to the paper plane.
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Table 2.1: Physical properties of the investigated solvents (Mw: molecular weight, ρ : density,
rw: van der Waals radius, Tboil: boiling temperature, δ : Hildebrand parameter at the boiling
point and Ii: the moment-of-inertia components about the symmetry axes (cf. Fig. 2.1)). The
values of the main moments of inertia for all investigated compounds were calculated using
an atomistic model for a single molecule in vacuum [5].
solvent Mw / ρ / rw/ Tboil / δ Ix; Iy; Iz /
g/mol kg / m3 A˚ ◦C MPa1/2 gA˚2/mol
Ref.[1] Ref.[1] Ref.[1] Ref.[5]
CBr4 331.6 solid 2.91 190 18.1 796; 796; 796
Si(C2H5)4 144.3 0.761 3.51 153 13.4 452; 492; 593
[(CH3)3C]2SiH2 144.3 0.729 3.57 129 12.7 246; 637; 650
CCl4 153.8 1.59 2.73 76 17.0 282; 282; 282
2.2 Experiment
2.2.1 Sample Preparation.
Carbon tetrachloride (99,8%) was purchased from Fluka and carbon tetrabromide (99%),
tetraethylsilane (99%) and di-tert-butylsilane (97%) were ordered from Aldrich. Carbon
tetrabromide (CBr4) forms white crystals at room temperature. The mole fraction was ad-
justed by the molecular mass and weight fraction of the components. At higher mole frac-
tions (x ' 0.5), CBr4 becomes insoluble in CCl4. For the highest mole fraction investigated
(x = 0.45), CBr4 remains dissolved in CCl4 for at least one day. All samples contained a
small amount of Quinizarin (Aldrich). The weight fraction of the dye is approximately 0.002
wt% corresponding to the optical density of 1.5 for a 1 cm cell. This amount ensures a
sufficient temperature modulation of the optical grating. On the other hand, the quantity is
small enough to avoid convection and contributions of the dye to the concentration signal.
Approximately 2 ml of the freshly prepared solution were filtered through 0.2 µm filter (hy-
drophobic PTFE) into an optical quartz cell with 0.2 mm optical path length (Helma), which
had been carefully cleaned from dust particles before usage. Experiments were performed in
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a temperature range from 20 to 40 ◦C.
Properties and Physical Parameters. Table 2.1 lists the properties of the substances, such
as molecular weight Mw, density ρ , van der Waals radius rw, boiling temperature Tboil, the
Hildebrand parameter δ at the boiling point and the moments of inertia about the symmetry
axes Ii. We estimated δ by
δ =
(
∆Hvap−RT
V
) 1
2
, (2.3)
where ∆Hvap is the enthalpy of vaporization and V is the molar volume of the pure compo-
nent. The enthalpy of vaporization at the boiling point was estimated using Trouton’s rule.
Trouton’s rule states that the entropy change for vaporization is approximately 88 Jmol−1K−1
and holds for many liquids to within 10% [166].
∆Hvap = ∆SvapTboil (2.4)
The obtained values (cf. Tab. 2.1) compare well with the literature values at lower tempera-
tures (13.9 MPa1/2 [28] for tetraethylsilane and 17.3 MPa1/2 [186] for carbon tetrachloride,
estimated from the enthalpy of vaporization at 298K). For carbon tetrabromide we found
only a value of 20.1 MPa1/2 [28, 2] 70 K below the boiling temperature. The fact that these
three experimental values are slightly higher is consistent with the fact, that the Hildebrand
parameter increases with decreasing temperature.
Van der Waals radii for all substances were estimated using the van der Waals increment
method [47] (cf. Tab. 2.1). This method gives the same value of 3.48A˚ for both tetraehylsilane
and di-tert-butylsilane. Estimation from the liquid volume [47, 186] for these two compounds
gives 3.57A˚ and 3.66A˚ respectively. The effective hard-sphere diameter of tetraethylsilane
calculated from modified van der Waals equation of state is equal to 3.49A˚ [187] which agrees
with our estimates. The averaged values of van der Waals radii for the silanes are listed in
Tab. 2.1.
2.2.2 Refractive index increment measurements.
Refractive index increments with concentration (∂n/∂c)p,T at a constant pressure and tem-
perature were measured using an Abbe refractometer. The temperature derivatives of the
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Figure 2.2: Refractive index increments (∂n/∂c)p,T and (∂n/∂T )p,c of CBr4 in CCl4 as a
function of temperature. The mole fractions of CBr4 are: 0.1 () and 0.25 (•).
refractive index (∂n/∂T )p,c at a constant pressure and concentration were determined in
temperature range T ± 3 ◦C using a Michelson interferometer [14].
Figure 2.2 shows both refractive index increments at different temperatures and concen-
trations for CBr4 in CCl4. (∂n/∂c)p,T increases, while (∂n/∂T )p,c decreases with increasing
temperature. The values for the higher concentration of CBr4 in CCl4 is slightly higher. The
error bars typically around 0.3%, represent one standard deviation between repeated mea-
surements. The refractive index increment with temperature is almost insensitive to the con-
centration. Figures 2.3 and 2.4 show refractive index increments at different temperatures
and concentrations for Si(C2H5)4 and [(CH3)3C]2SiH2 in CCl4.
2.2.3 TDFRS experiment and data analysis
The principle of the TDFRS method is described elsewhere in details [113]. An argon-ion
laser (λw=488 nm) is used for writing the grating. The laser beam is split into two writing
beams of equal intensity by a beam splitter. An intensity grating is created in the sample
by the interference of two laser beams. A small amount of dye in the sample converts the
intensity grating into a temperature grating, which in turn causes a concentration grating
by the effect of thermal diffusion. Both gratings contribute to a combined refractive index
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Figure 2.3: Refractive index increments (∂n/∂c)p,T of tetraethylsilane (solid symbols) and
di-tert-butylsilane (open symbols) in carbon tetrachloride as a function of concentration.
Figure 2.4: Refractive index increments (∂n/∂T )p,c of tetraethylsilane (solid symbols) and
di-tert-butylsilane (open symbols) in carbon tetrachloride as a function of concentration.
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grating, which is read out by diffraction of a third laser beam (λr=633 nm). The heterodyne
signal intensity of the read-out laser is proportional to the amplitude of the refractive index
difference ∆n(T,c) as
∆n(T,c) =
( ∂n
∂T
)
p,c
∆T +
(∂n
∂c
)
p,T
∆c. (2.5)
where ∆T and ∆c are the difference in temperature and concentration, respectively.
The total intensity ζhet (t) normalized to the thermal signal is related to the Soret coefficient
as
ζhet (t) = 1−
( ∂n
∂T
)−1
p,c
(∂n
∂c
)
p,T
STc(1− c)
(
1− e−q2Dt
)
. (2.6)
where q is the grating vector and D is the mutual diffusion coefficient.
To determine the transport coefficients, Eq. 2.6 is fitted to the measured heterodyne signal
(Fig. 2.5) using contrast factors (∂n/∂c)p,T and (∂n/∂T )p,c which are measured separately.
The residuals are small (less than 1 %) and show no systematic deviations (Fig. 2.5).
2.3 Results
Fig. 2.6 shows the concentration dependence of the transport coefficients for the mixture
of CBr4 and CCl4. The mole fractions of CBr4 are 0.1 and 0.25. The refractive index of
this system increases with increasing CBr4 content, so that (∂n/∂c)p,T is positive (cf. Fig.
2.2) and the refractive index increment with temperature (∂n/∂T )p,C is negative (cf. Fig.
2.2). The concentration part of the TDFRS-signal increases exponentially (Fig. 2.5), which
implies that the Soret coefficient is positive and the heavier component CBr4 migrates to
the cold side. The diffusion coefficient increases with increasing temperature and decreases
with increasing CBr4 content. This behavior can be explained by a lower viscosity at higher
temperatures and higher CBr4 contents.
In Fig. 2.7 and 2.8 the concentration dependence of ST, D and DT for tetraethysilane
and di-tert-butylsilane is displayed. The Soret coefficient of both silanes is negative, which
implies that the lighter silanes move to the warm side, while the heavier and denser CCl4
migrates to the cold. As in the case of CBr4, the rule of thumb that typically the heavier
compound moves to the cold side is obeyed. The magnitude of the Soret coefficient for di-
tert-butylsilane is roughly 10% larger than the one of tetraethylsilane. Both systems show
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Figure 2.5: Typical normalized TDFRS signals and the residuals plot to the fitting curve
according to Eq. 2.7 of investigated mixtures at a temperature of 20 ◦C. Mole fraction of
CCl4 equals to 0.75. The solid lines refer to a fit according to Eq. 2.6.
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Figure 2.6: Soret coefficient ST, diffusion coefficient D and thermal diffusion coefficient DT
of CBr4 in CCl4 as a function of concentration. Solid symbols - our data, open symbols - data
from Saxton et al. [144].
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Figure 2.7: Soret coefficient ST, mutual diffusion coefficient D and thermal diffusion coeffi-
cient DT of Si(C2H5)4 in CCl4 as a function of concentration.
a weak concentration dependence, which is typical for unpolar substances [75, 113]. As
expected, the diffusion coefficient increases with increasing temperature and with increasing
amount of the less viscous silane. For all systems investigated, an increasing concentration
of the heavier component leads to a decreasing diffusion coefficient.
2.4 Simulations
The reverse nonequilibrium molecular dynamics method has been applied to investigate the
thermal diffusion of carbon tetrachloride in silanes. In the following, we only briefly summa-
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Figure 2.8: Soret coefficient ST, mutual diffusion coefficient D and thermal diffusion coeffi-
cient DT of [(CH3)3C]2SiH2 in CCl4 as a function of concentration.
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Table 2.2: Lennard-Jones parameters for tetraethylsilane, di-tert-butylsilane and carbon tetra-
chloride (* - Lennard-Jones parameters were adjusted to get experimental density and heat of
vaporization).
atom type σ / ε /
nm kJ / mol
C (Ref.[127]) 0.3774 0.2277
Cl (Ref.[127]) 0.3467 1.0945
Si∗ 0.5 0.42
SiH2∗ 0.559 0.5
CH2 Ref.[103, 177] (for Si(C2H5)4) 0.393 0.3808
CH3 Ref.[103, 177] (for Si(C2H5)4) 0.391 0.8647
C Ref.[103, 177] (for [(CH3)3C]2SiH2) 0.391 0.1413
CH3 Ref.[103, 177] (for [(CH3)3C]2SiH2) 0.385 0.582
rize the force fields used for the liquid solvents and give some simulation details. A detailed
description can be found elsewhere [189].
The force field for carbon tetrachloride In obtaining the force field for carbon tetrachlo-
ride we followed the work by Rey at al. [127]. They developed a consistent set of molecular
models for MD simulations of a whole family of methylchloromethanes ((CH3)4−nCCln),
providing excellent accordance with thermodynamic properties (liquid density and heat of
vaporization). It was found that non-negligible electrostatic effects on the liquid structure
exist only for the polar cases (n=2, 3). Therefore, we used the proposed force field for carbon
tetrachloride without charges (see Tab. 2.2).
The force field for the silanes For tetraethylsilane we used a force field derived by Striolo
et al [160]. Atoms in the same molecule interact with each other via short-range poten-
tials that account for bond length, bond angle and torsional potentials. It was shown that
by combining force fields independently developed to describe silsesquioxanes (POSS) and
alkanes (Tab. 2.2) it is possible to predict correctly the structure of isolated hybrid polyhedral
oligomeric silsesquioxane monomers as well as that of crystals composed solely of POSS
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Table 2.3: Thermodynamic results obtained for pure tetraethylsilane, di-tert-butylsilane and
carbon tetrachloride compared with the corresponding experimental results at 298K.
solvent ρexp / ρsim / ∆Hexpvap / ∆Hsimvap
kg / m3 kg / m3 kJ / mol kJ / mol
Si(C2H5)4 0.761 0.773 39 37.9
Ref.[1] Ref.[28]
[(CH3)3C]2SiH2 0.729 0.735 - 38.1
Ref.[1]
CCl4 1.594 1.588 31.5 30.06
Ref.[1] Ref.[186]
monomers [160].
Test MD runs of a cubic periodic box of 200 tetraethylsilane molecules at 298K and 1 atm
yielded a unsatisfactory solvent density (0.795 kg/m3) and heat of vaporization (33.2 kJ/mol)
(density 4.3% too high, heat of vaporization 5.8 kJ/mol too low). Experimental values at
298K are presented in Tab. 2.3. Another difficulty of this model is that it is only applicable
to silanes with linear alkyl chain attached (the alkane backbone was modeled according to
the TraPPE united-atom force field [93] developed for the linear alkanes). Slightly different
parameters were required for the CH3 groups of branched alkanes in order to reproduce the
phase diagram [103, 177]. Therefore, we had to use a different route to describe di-tert-
butylsilane, which has branched alkane structures attached.
In order to simulate both silanes consistently on the basis of the same force field parame-
ters we derived new united atom force field parameters (Tab. 2.2). For the alkane we applied
the force field from Nath [103, 177]. In the case of tetraethylsilane, the Lennard Jones pa-
rameters σ and ε of Si, and for di-tert-butylsilane those of SiH2 have been adjusted. These
parameters were increased to reproduce the experimental density and the heat of vaporization
for the systems (Tab. 2.2 and 2.3).
Computational details Two binary equimolar mixtures of carbon tetrachloride with tetraethyl-
silane and di-tert-butylsilane were simulated at T=303 K and P=1 atm. The YASP package
49
2. MIXTURES OF SPHERICAL MOLECULES
Figure 2.9: Concentration profiles for a equimolar mixture of tetraethylsilane/CCl4 averaged
over a simulation time of 52 ns. The inset shows the complete concentration profile. The
open symbols represented the upward branch of the full profile, which has been flipped over
at the coldest slab.
[101] was used. The cell was elongated in z-direction, which is the direction of the heat flow
(Lx=Ly=Lz/3 ≈ 4 nm). The cutoff length for nonbonded interactions was 1.2 nm. The time
step was 2 fs. All reverse noneqilibrium molecular-dynamics (RNEMD) simulations were
performed at constant NVT conditions (densities: 1047.2 and 1009.9 kg/m3 for equimolar
mixtures of tetraethylsilane and di-tert-butylsilane in carbon tetrachloride, respectively) with
960 molecules in the simulation box. The average temperature was kept constant by the
thermostat of Berendsen et al. [16], with the temperature coupling time being T = 1 ps.
Figures 2.9 and 2.10 show the concentration profiles for equimolar mixtures of tetraethylsi-
lane and di-tert-butylsilane in CCl4 averaged over a simulation time of 51.9 and 74.12 ns,
respectively. The time development of the Soret coefficient for both mixtures is shown in
Figure 2.11 as cumulative average. For each silane, two values are displayed. One has been
calculated from 9 slabs of the downward branch and another from 9 slabs in the upward
branch. The hottest and coldest slabs have been excluded from the analysis. After 40 ns,
the ST-value for tetraethylsilane/CCl4 converges to a plateau value of −5×10−3 K−1. In the
case of the system di-tert-butylsilane/CCl4 the plateau (−5.5× 10−3 K−1) is reached later
50
2. MIXTURES OF SPHERICAL MOLECULES
Figure 2.10: Concentration profiles for a equimolar mixture of di-tert-butylsilane/CCl4 av-
eraged over a simulation time of 55 ns. The inset shows the complete concentration profile.
The open symbols represented the upward branch of the full profile, which has been flipped
over at the coldest slab.
after 60 ns. The average values ST =−5.5×10−3 K−1 for di-tert-butylsilane in CCl4 is 10%
smaller than the value obtained for tetraethylsilane in CCl4. The difference is not very pro-
nounced, but this tendency is also confirmed in the experiment, although the magnitude of
the experimental values is systematically 9-18 % larger.
2.5 Discussion
2.5.1 Comparison of the experimental and simulation results
The following values for the Soret coefficient were determined by simulations at around
303 K for a binary equimolar mixtures of tetraethylsilane and di-tert-butylsilane in carbon
tetrachloride: −5±0.3× 10−3 and −5.5±0.3× 10−3 K−1. The simulation results are larger
than the experimental values and their magnitude is smaller by 9 and 18 %. Those small
systematic errors are probably due to the force field parameters, which were developed to
reproduce the density and heat of vaporization of the pure components but not any transport
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Figure 2.11: Soret coefficients of the tetraethylsilane (circles) and di-tert-butylsilane (dia-
monds) in carbon tetrachloride as a function of simulation time. One set of values has been
calculated from the downward (solid symbols) branch and the other values have been calcu-
lated from the upward branch (open symbol). The lines are guides to the eye for tetraethylsi-
lane (solid line) and di-tert-butylsilane (dotted line).
coefficient. For gaseous systems it is known that the calculation of the Soret coefficient is
much more sensitive to the correct choice of the interaction potential than other properties
such as viscosity or diffusion coefficient [174]. Another reason might be the sensitivity of the
Soret coefficient to the chosen mixing rule. Galliero et al. [56] showed for methane/n-decane
a strong dependence of ST on the cross interaction parameters ki, j and li, j, which determine
the interaction strengths ε1,2.
ε1,2 = (1− ki, j)(ε1ε2)0.5 , σ1,2 = (1− li, j) 12 (σ1 +σ2) (2.7)
with ε1,2, ε1, ε2 the interaction strength parameters and σ1,2, σ1, σ2 the diameters.
In our case the classic Lorenz-Berthelot mixing rule (ki, j=0; li, j=0) was used, which had
been applied in the simulation of benzene/cyclohexane [189] mixtures. Unfortunately, a val-
idation of the cross interaction parameters was impossible, because to our best knowledge
there are no literature data available for the investigated mixtures. In view of other MD simu-
lations of the Soret coefficient of fluid mixtures, some of which use much more sophisticated
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force fields [189], the agreement with experiment must be viewed as very satisfactory.
2.5.2 Contributions to the Soret coefficient.
Galliero et al [56] investigated the thermodiffusion behavior of equimolar mixtures of ”super
methane” in methane. The parameters mass, m, diameter, σ , and depth of the interaction
potential, ε of super methane were different from those of methane. As already done earlier
by Reith et al. [126] they varied systematically the ratio of one of the parameters (e.g. m1/m2)
while keeping the two other parameters fixed and equal. By this procedure the obtained three
additive contributions αmT , ασT and αεT of the total thermal diffusion ratio αT =STT stemming
from the mass, diameter and interaction strength, respectively.
αT = α
m
T +α
σ
T +α
ε
T (2.8)
This empirical formula reproduces the simulation results quite well, if the ratios deviate not
too much from 1.
We applied equation 2.8 to the investigated mixtures of tetraethylsilane, di-tert-butylsilane
and carbon tetrabromide in carbon tetrachloride (component 2). The ratios of the diameter
and the depths of the interaction potential were estimated using the experimental molar vol-
umes Vmol (at room temperature) and enthalpies of vaporization Hvap (at boiling point) for
the different components [125].
σ1
σ2
=
(
Vmol,1
Vmol,2
) 1
3
. (2.9)
ε1
ε2
=
(
∆Hvap,1
∆Hvap,2
)
. (2.10)
The results are summarized in Tab. 2.4. The mass contribution for CBr4/CCl4 mixture
is positive while for tetraethylsilane/CCl4 and di-tert-butylsilane/CCl4 it is negative. This
implies that the component with the higher molar mass moves to the cold side. The mass
contributions for both tetraethylsilane/CCl4 and di-tert-butylsilane/CCl4 are the same. At the
same time the difference in size and even more pronounced the difference in the interaction
potential leads to a stronger drive of di-tert-butylsilane to the hot side. The values obtained
from Eq. 2.8, 2.9 and 2.10 reproduce the correct direction of thermodiffusion motion for all
three mixtures, but they are one order of magnitude too small.
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Table 2.4: The values of the Soret coefficient calculated using Eq. 2.8 at 303K. The deviations
from the experimental values (equimolar mixtures) are shown in brackets.
solute SmT / SσT / SεT / ST from Eq. 2.8/ measured ST /
10−3K−1 10−3K−1 10−3K−1 10−3K−1 10−3 K−1
Si(C2H5)4 -0.15 -0.33 0.382 -0.11 -5.5
(98%)
[ (CH3)3C ]2SiH2 -0.15 -0.36 0.26 -0.25 -6.7
(96%)
CBr4 1.77 -0.07 0.57 2.26 ∼12
The values of the Soret coefficient can also be compared with a parameter of the cohesive
energy density [37, 126, 94, 73], which is also referred as the Hildebrand solubility parameter.
As it is expected in our case the component with the larger Hildebrand parameter (cf. Tab. 2.1)
carbon tetrabromide (mixed with carbon tetrachloride) and carbon tetrachloride (mixed with
one of the silanes) accumulates in the cold region.
2.5.3 Discussion of the effect of the moment of inertia.
The importance of the moments of inertia in the thermal diffusion behavior of the ben-
zene/cyclohexane mixture was reported by Debuschewitz et al. [36]. They found that the
component with the larger Iz (the main moment of inertia perpendicular to the plane of the
molecule) moves to the cold side. The physical reason of this phenomenon in liquids is not
clear. In an old work by Schirdewahn et al. [147] about gaseous mixtures, the moment of
inertia part is vaguely related to the rotational diffusion contribution to the thermal diffusion.
At the same time, it is obvious that the values of the main moments of inertia for a given
molecule characterize its size (or van-der-Waals volume) and the mass distribution, while all
three possible ratios (Ix/Iy Ix/Iz Iy/Iz) characterize the shape. All these factors are respon-
sible for the diffusion (as well as the thermodiffusion) behavior. From this point, one can
assume that the value of Iz in case of benzene/cyclohexane mixtures is responsible not only
for the size but also for the mass distribution in the molecule but not for the shape. They
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assumed, that both molecules have a disk-like structure, which is not changed by isotopic
substitution. In our case carbon tetrachloride, carbon tetrabromide and tetraethylsilane have
spherical structures as far as all diagonal elements of their tensors of the moment of inertia
are the same (cf. Tab. 2.1). The lower value of Ix in comparison to the values of Iy and Iz
for di-tert-butylsilane describe the ellipsoidal shape of the molecule. In order to take into
account the shape effect, a more complicated expression for STI , involving Ix, Iy and Iz for
binary mixtures of equivolume components is required. However, the differences in ST be-
tween tetraethylsilane and di-tert-butylsilane are too small to be unambiguously attributed to
differences in the moment of inertia. Other effect, such as the anisotropic friction, could also
explain an effect of this magnitude.
2.6 Conclusion
We investigated the thermal diffusion behavior of three simple mixtures consisting of spher-
ical molecules experimentally by the so called TDFRS method. Additionally we applied a
molecular exchange version of the reverse non-equilibrium molecular dynamics algorithm to
determine the Soret coefficients for two of the experimentally investigated mixtures.
Contrary to more complex fluids, the observed thermophoretic motion for those three
unpolar mixtures follows the common rules, which state that the component with the larger
molar mass and the larger Hildebrandt parameter accumulates in the cold region.
We found a fairly good agreement between the simulated and experimentally determined
Soret coefficients for the systems tetraethylsilane and di-tert-butylsilane in carbon tetrachlo-
ride. Although the magnitude of the simulated ST-values is systematically by 9-18% smaller
than in experiment, both methods found that di-tert-butylsilane accumulates slightly stronger
in the warm region than the more symmetric tetraethylsilane. Both investigated silane com-
pounds do have the same molar mass, so that we tried to reveal the moment of inertia con-
tribution to the thermophoretic motion. Here it turned out that the analysis is not so simple
because two of the three moments of inertia are changed simultaneously. This requires an ex-
pression which connects the Soret coefficient with more than one moment of inertia. In order
to obtain such a relation more systematic experiments and simulations need to be performed
in the future. In addition, the difference between the two silanes is very small.
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Mixtures of linear alkanes: A
comparison between TC and
TDFRS methods
In the present chapter we studied the thermal diffusion behavior of n-decane
in various alkanes by thermogravitational column (TC) techniques and thermal
diffusion forced Rayleigh scattering (TDFRS) method. The investigated lighter
alkanes compared to n-decane are n-pentane, n-hexane, n-heptane, n-octane and
the heavier ones are n-tetradecane, n-pentadecane, n-hexadecane, n-heptadecane,
n-octadecane and n-eicosane. The binary mixture n-decane/n-pentane we inves-
tigated at several different concentrations all other mixtures were only investi-
gated at a mass fraction of 50%. Even for the volatile n-pentane/n-decane mix-
ture the deviations between the thermal diffusions coefficients determined by the
different methods agreed within the error bars. Typically the agreement between
the two methods was in the order of 5%. Compared to recently published TC
and TDFRS data we found deviations in the order of 30 up to 40%. We analyze
and discuss the possible reasons for the discrepancies for the present and the past
publications. ∗
3.1 Introduction
The coupling between a temperature gradient and a resulting mass flux is denoted thermal dif-
fusion or Ludwig-Soret effect in accordance with its discover and its first investigator. Partic-
ularly, the investigation of crude oil components such as alkanes and organic ring compounds
∗ The work described in this chapter is based on J. Phys. Chem. B, 112, 83408345, 2008
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is of practical relevance, because the determination of reliable model parameters is essential
for the characterization of geological fields [30, 57, 58]. Additionally the effect plays also an
important role in separation techniques for liquid mixtures (see e.g. Refs. [77, 118, 179]).
In the simple case of a binary mixture with constant pressure there is a mass diffusion
current jD = −ρD∇c and a thermal diffusion current jT = −ρDTc(1− c)∇T , with c the
mass fraction, ρ the density of the liquid, and D and DT the mutual mass and thermal diffu-
sion coefficients, respectively. In the stationary state the two flows cancel and the resulting
concentration gradient is given by
∇c =−STc(1− c)∇T. (3.1)
ST = DT/D is the Soret coefficient.
The thermal diffusion of non-polar fluid mixtures is sometimes governed by the mass,
size, and shape of the molecules as well as their interactions (see Ref. [179] for a review).
The influence of the physical parameters on the thermal diffusion behavior has been system-
atically investigated for isotopic mixtures of benzene and cyclohexane [36, 183]. For these
mixtures it was found that the Soret coefficient depends on the mass and moment of inertia
difference but also on a chemical contribution. In the case of polar mixtures, specific interac-
tions between the molecules dominate the thermal diffusion process while mass and size are
not so important.
A number of studies have focused on the Soret effect in mixtures containing an alkane
as one of the components. Different experimental techniques were applied to investigate
the thermal diffusion behavior of toluene/hexane [188, 75, 20], alkane/alkane [113, 18, 85],
cyclohexane/benzene [36], and n-alkane/benzene [81, 80, 37, 46, 165, 20] mixtures. Also in
a benchmark study of three binaries one of the components was an alkane [116]. In the past
also thermodynamic models [61] have been tested and simulations [113] have been performed
for alkane mixtures.
Alkanes belong to the class of non-polar mixtures. Often they are treated as ideal mix-
tures, because the minor microscopic effects, such as the conformational changes in the
molecules have only a very small effect on the usual thermodynamic properties of alkane/alka-
ne mixtures. This tendency is also confirmed in a recent thermal diffusion study of alkane/alka-
ne mixture [85, 18], which shows that always the heavier component moves to the cold region.
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We focus in this chapter on the Soret effect in binary alkane/alkane mixtures for which we
expect a normal behavior. All mixtures are investigated by thermogravitational column (TC)
technique and thermal diffusion forced Rayleigh scattering (TDFRS) method. First we inves-
tigate the binary mixture n-decane/n-pentane at several different concentration at 27◦C. This
mixture we studied even with a cylindrical and parallelepipedic thermogravitational column.
The experimental data are compared with earlier experimental data and simulation results
[113]. Additionally, we investigated binary mixtures of n-decane in n-hexane, n-heptane,
n-octane, n-tetradecane, n-pentadecane, n-hexadecane, n-heptadecane, n-octadecane and n-
eicosane at a weight fraction of 50%. The obtained experimental data are also compared with
recent measurement by the TC method [85].
3.2 Experiment
3.2.1 Sample preparation
Thermogravitational columns:
All the products used in the TCs were purchased from Merck with a purity better than 99%.
First we always filled in the less volatile component, i.e., the alkane with higher molecular
weight; then the corresponding amount of the second alkane is added. The concentrations of
the binary mixtures were adjusted by weighting both components separately. The mixtures
for the parallelepipedic TC were prepared with a balance with a capacity up to 310 g and
an accuracy of 0.0001 g. For the mixtures of the cylindrical TC we used a balance with
a capacity up to 4500 g and an accuracy of 0.01 g. The sample volume needed to run an
experiment in the parallelepipedic and cylindrical TC is approximately 25 cm3 and 300 cm3,
respectively. As verification, before and after each experimental run the concentration of the
mixture had been determined. The observed concentration change was typically in the order
of ∆c0 = 0.0005.
TDFRS:
The alkanes n-pentane (>99%), n-hexane (>99%), n-heptane (>99.5%), n-octane (>99.5%),
n-octadecane (>99%) and n-tetradecane (>99%) were purchased from Fluka; n-decane (>99%),
59
3. MIXTURES OF LINEAR ALKANES
n-heptadecane (99%) and n-eicosane (99%) were ordered from Aldrich. The alkane mole
fraction of all mixtures was adjusted by weighing the components. The TDFRS experiments
require a small amount of dye in the sample. All samples contained approximately 0.002
wt% of the dye Quinizarin (Aldrich). This amount ensures a sufficient optical modulation
of the grating but is small enough to avoid convection and contributions of the dye to the
concentration signal. Before each TDFRS experiment, approximately 2 ml of the freshly pre-
pared solution were filtered through 0.2 µm filter (hydrophobic PTFE) into an optical quartz
cell with 0.2 mm optical path length (Helma) which was carefully cleaned from dust particles
before usage.
After each measurement we checked carefully by monitoring the change of the meniscus
height in the two filling capillaries of the sample cell whether the volatile solvent evaporated
during the measurement. The accuracy of this method is certainly better than 1%. The total
volume of the sample cell is in the order of 0.6 ml. Even for the n-decane/n-pentane mixture
with the lowest pentane content, the concentration change should be less than ∆x≈∆c≈ 0.01.
3.2.2 Data analysis and set-up
Thermogravitational columns:
The TC theory provides a relation between the stationary separation ∆c and the thermodiffu-
sion coefficient DT. For more details see Ref. [45]:
∆c =−504Lz
gL4x
DT ν
α
c0 (1− c0) (3.2)
Where α =−(1/ρ)(∂ρ/∂c) is the thermal expansion coefficient, ρ the density of the mixture
with the initial mass concentration c0, ν the kinematic viscosity and g the gravity acceleration.
Lz is the height of the column, which is 500 mm for the cylindrical TC and 530 mm for the
parallelepipedic TC. And Lx is the gap between the two vertical walls, which is 1.000±
0.005 mm for the cylindrical TC and 1.50±0.01 mm for the parallelepipedic TC. Just taking
into account the uncertainty in the gap dimension (Lx) leads to an relative systematic error in
the order of 2% and 2.7% for the cylindrical and parallelepipedic TC.
The mass separation between the two ends of the column ∆c is determined from a cali-
bration curve which relates mass fraction and density. In order to make the calibration, five
mixtures with known concentration, close to the initial mass fraction (c0±0.02) are prepared
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Figure 3.1: (a) Density of the mixture n-decane/n-pentane as function of the mass fraction
around the concentration c = 0.5 at T = 25◦C. (b) Density of the same mixture as function of
the column height at c= 0.5 and T = 25◦C. The results were obtained with the cylindrical TC.
(c) Mass separation ∆c for n-decane/n-pentane as function of the mass fraction of n-decane
at T = 27◦C.
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Table 3.1: Thermophysical properties of binary n-alkane mixtures with n-decane as first com-
ponent. Chemical structure of the second component, mass fraction of n-decane c, density ρ ,
thermal expansion coefficient α , mass expansion coefficient β , dynamic viscosity η , refrac-
tive index increment with concentration (∂n/∂c) and temperature (∂n/∂T ) .
second c ρ / α / β η / (∂n/∂c) (∂n/∂T )/
component kg/m3 10−3K−1 m·Pa·s 10−3
T = 27◦C
0.945 718.461 1.069 0.1540 0.758 - -
0.886 711.864 1.098 0.1571 0.690 0.05670 -0.476
0.780 700.261 1.150 0.1568 0.586 0.05663 -0.501
C5H12 0.663 687.589 1.208 0.1555 0.478 0.05593 -0.518
0.500 670.325 1.297 0.1571 0.403 - -
0.332 652.835 1.399 0.1570 0.333 0.05388 -0.519
0.180 637.718 1.495 0.1583 0.277 - -
T = 25◦C
C5H12 672.306 1.288 0.1571 0.399 0.05481 -0.504
C6H14 689.823 1.200 0.1032 0.470 0.03724 -0.494
C7H16 702.601 1.141 0.0660 0.563 0.02425 -0.477
C8H18 712.330 1.098 0.0394 0.656 0.01435 -0.466
C14H30 0.500 - - - - -0.01723 -0.434
C15H32 745.446 0.974 -0.0524 1.397 - -
C16H34 747.768 0.967 -0.0588 1.515 -0.02290 -0.431
C17H36 749.893 0.958 -0.0645 1.634 -0.02507 -0.429
C18H38 751.756 0.951 -0.0698 1.778 -0.02716 -0.427
C20H42 754.988 0.944 -0.0781 2.102 -0.03108 -0.423
62
3. MIXTURES OF LINEAR ALKANES
by weighting. The accuracy of the determined mass is 0.0001 g. For the investigated mixtures
we obtained always a linear relation between the density and the mass fraction. From the cal-
ibration curve the mass expansion coefficient β = (1/ρ)(∂ρ/∂c) is obtained. An example
for the mixture n-decane/n-pentane is shown in the figure 3.1a .
We determine the stationary mass separation between the two ends of the column using
the following expression:
∆c = Lzβ ρ
∂ρ
∂ z (3.3)
where ∂ρ/∂ z is the vertical density gradient along the TC. The density gradient ∂ρ/∂ z is
obtained from five samples which are equally distributed along the height of the TC. In all
studied mixtures the variation of the density with height is linear. A typical experimental
result is shown in figure 3.1b.
The stationary state is determined by the following expression [20]:
tr =
9!(Lzν)2D
(gpiα∆TL3x)2
(3.4)
where tr is the relaxation time and ∆T is the applied temperature difference between the two
vertical walls. ∆T has been adjusted to 6◦C, although in the stationary state the mass separa-
tion is independent of the applied temperature gradient [168]. Typically the time for reaching
the stationary state is 5 times the relaxation time. We have repeated each measurement at least
3 times and in one measurement we waited 15 times the relaxation time. All experimental
results agreed with 2%, which indicates that the chosen time, has been long enough to reach
the stationary state.
Figure 3.1c shows the mass separation of the mixtures n-decane/n-pentane at different
initial mass fractions. The separation ∆c shows a maximum at a mass fraction of n-decane at
c = 0.6.
TDFRS:
The thermal diffusion behavior of the solutions was investigated by thermal diffusion forced
Rayleigh scattering (TDFRS). A detailed description of the set-up can be found elsewhere
[109].
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The heterodyne diffraction signal ζhet is evaluated by the equation,
ζhet (t) = 1+
( ∂n
∂T
)−1(∂n
∂c
)
STc(1− c)
(
1− e−q2Dt
)
, (3.5)
with the refractive index increment with concentration at constant pressure and temperature
(∂n/∂c), the derivative of the refractive index with temperature at constant pressure and
concentration (∂n/∂T ) and the collective diffusion coefficient D.
3.2.3 Density measurements
The thermal expansion α , the mass expansion β and the density ρ of all the mixtures have
been measured with an Anton Paar DMA 5000 vibrating quartz U-tube densimeter. It has a
reproducibility of 1 ·10−6g/cm3 with a temperature accuracy of 0.001◦C. The sample volume
needed to make one density measurement is roughly 1.5 ml. The thermophysical properties
of all studied mixtures are shown in Table 3.1.
3.2.4 Viscosity measurements
The dynamic viscosity has been determined by a HAAKE falling ball viscosimeter with an
estimated accuracy of ±1%. The temperature stability is ±0.1◦C. The volume needed to
make one viscosity measurement is approximately 40 ml. The dynamic viscosity µ listed in
Table 3.1 are the average of at least 8 individual measurements with typical standard deviation
below 1%.
3.2.5 Refractive index increments
An Anton Paar RXA 156 refractometer has been used to measure the refractive index incre-
ments with the mass concentration (∂n/∂c) (see Table 3.1). It has a repeatability of 2 ·10−5
and the temperature accuracy is ±0.01◦C. The volume needed to make one measurement is
less than 1 ml. For all investigated temperatures and concentrations we find a linear depen-
dence of the refractive index on concentration if the temperature is fixed or on temperature
if the concentration is fixed. For all mixtures we determined the (∂n/∂c) values. We would
like to point out that the refractive index increments with concentration, which had been
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Table 3.2: Thermal diffusion coefficients (10−8cm2s−1K−1) for n-decane in n-pentane at
T =27◦C. DTDFRSoldT and D
S−NEMDc.v.
T refer to experimental data and simulation results in the
center–of–volume–reference frame, respectively [113]. DTCparaT , D
TCcyl
T and DTDFRST have been
measured by parallelepipedic TC, cylindrical TC and TDFRS. For details see the text.
x c DTDFRSoldT D
S−NEMDc.v.
T D
TCpara
T D
TCcyl
T D
TDFRS
T
(Ref. [113] ) ( Ref. [113] )
0.10 0.180 - - - 11.99± 0.5 -
0.20 0.332 9.28 ± 0.75 13.30± 0.97 10.49± 0.03 10.36± 0.5 10.81 ± 0.7
0.34 0.180 - - - 9.37 ± 0.4 -
0.50 0.663 7.54 ± 0.61 10.42± 2.34 8.76 ± 0.03 8.67 ± 0.4 9.11 ± 0.6
0.64 0.780 - - - 7.56 ± 0.3 8.11 ± 0.7
0.80 0.886 7.18 ± 0.59 10.16± 1.50 6.76 ± 0.02 6.92 ± 0.3 7.75 ± 0.6
0.90 0.945 - - - 7.02 ± 0.4 -
determined for the mixture n-decane/n-pentane in the previous work [113] by an Abbe re-
fractometer agreed with the new values within the error bars.
For the TDFRS measurements for all mixtures except for the system n-decane/n-pentane
(∂n/∂T ) was directly measured by an interferometer. In the case of n-decane/n-pentane
(∂n/∂T ) the reliability of the refractometer was better, because due to the long measurement
time in the interferometer pentane evaporated partly, which lead to concentration changes
during the measurement. The contrast factors (∂n/∂c) and (∂n/∂T ) for two groups of mix-
tures are listed in Table 3.1.
3.3 Results and discussion
3.3.1 Thermal diffusion behavior of n-decane in n-pentane
Figure 3.2 shows the thermal diffusion coefficient DT for n-decane in n-pentane for several
mass fractions of n-decane. In general DT decays with increasing n-decane content. The mea-
surements between the parallelepipedic and cylindrical thermogravitational columns agree
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Figure 3.2: Thermal diffusion coefficient DT for n-decane in n-pentane in dependence of
the mass fraction of n-decane obtained by a parallelepipedic TC (O), cylindrical TC (M) and
TDFRS (). For comparison we show also the previous experimental (#) and simulation
results in the center–of–volume–reference frame (•) [113].
typically better than 5%. We estimated the error bars for the TC by error propagation tak-
ing into account the experimental uncertainties of the auxiluary quantities such as viscosity
(< 1%), mass expansion (< 1%), thermal expansion (< 0.5%), variation of the density with
height in the column (typically better than 2% and 3% for cylindrical and parallelepipedic
TC, respectively) and geometrical parameters (typically better than 1% and 3% for cylindri-
cal and parallelepipedic TC). The error bars for the TDFRS data correspond to one standard
deviation of the mean for repeated measurements. The actual TDFRS data are systematically
5-11% higher than the TC data, but agree within the error bars. The highest deviation in com-
parison with the TDFRS data of 11% has been found for the lowest pentane content. This
concentration is the one, which is most sensitive to the evaporation of pentane. The same
absolute loss of pentane leads for this concentration to a much larger relative concentration
change compared to concentrations with a higher pentane content. In both experiments a
potential loss of pentane was carefully monitored as described in Section 3.2.1. The expected
changes in concentration are smaller than the symbol size. In addition, the thermal diffusion
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coefficient of n-decane in n-pentane mixtures for different concentrations deviate less than
3% from the values obtained with another cylindrical column [3], which is an independent
measurement by another group.
The old TDFRS measurements [113] are systematically 10-20% lower than the present
TDFRS data and the deviation with the TC data are in the order of 5-15%. The deviations
between the two sets of TDFRS data can probably be explained by the fact that at that time
the data had not been corrected by the so-called excitation function which accounts for time
delays in the electrical switching of the Pockels cell. A detailed description of the procedure
can be found in Ref. [109].
We compare also our new TC and TDFRS data with previous non-equilbrium molecular
dynamic simulation results for the system n-decane/n-pentane by Perronace et al. [113] (see
Table 3.2). The simulations have been carried out in the center-of-mass reference frame and
the resulting transport coefficients have been transformed to the center-of-volume reference
frame, which corresponds to the situation in the experiment. The statistical uncertainty of
the simulations is in the order of 35%, while the systematic deviations between experimental
and simulation data are in the order of 15-40%. For instance for the equimolar mixture n-
decane/n-pentane the data agree almost within the error bars.
3.3.2 Thermal diffusion behavior of n-decane in various alkane
at equal mass ratio
Additionally we performed measurements for n-decane with various shorter and longer linear
alkanes. The thermal diffusion and diffusion coefficients for n-decane in various alkanes
with a mass fraction of 50% at T =25◦C are listed in Table 3.3. For comparison we list also
previous thermal diffusion data, which have also been obtained by a parallelepipedic TC but
with different dimensions [85]. The diffusion coefficients from the same reference [85] have
been determined by the open-end capillary (OEC) method [8].
Figure 3.3(a) shows the thermal diffusion, diffusion and Soret coefficients for the mea-
surement with the cylindrical TC and the TDFRS set-up as function of the molar mass of
the second component. For comparison we also show the previous data by Leahy-Dios and
Firoozabadi [85]. As expected the thermal diffusion coefficient of n-decane in shorter alkane
is positive, and therefore the n-decane goes towards the cold region, while it becomes neg-
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Table 3.3: Thermal diffusion and diffusion coefficients for n-decane in various alkanes at
T =25◦C. In the first two columns the totals formula and the molecular weight of the second
component are listed. DTCT and DOEC refer to previous experimental data [85]. D
TCcyl
T and
DTDFRST have been measured by cylindrical TC and TDFRS. Details are given in the text.
totals DTCT /10−8 DOEC /10−5 D
TCcyl
T /10−8 DTDFRST / 10−8 DTDFRS / 10−5
formula cm2s−1K−1 cm2s−1 cm2s−1K−1 cm2s−1K−1 cm2s−1
Ref. [85] Ref. [85]
C5H12 9.64 ± 0.19 2.50 ± 0.20 9.24 ± 0.4 9.59 ± 0.33 3.19 ± 0.04
C6H14 7.79 ± 0.21 - 6.71 ± 0.3 6.51 ± 0.29 2.69 ± 0.07
C7H16 5.99 ± 0.56 2.23 ± 0.11 4.37 ± 0.3 5.00 ± 0.42 2.61 ± 0.20
C8H18 3.86 ± 0.14 1.84 ± 0.18 - 3.51 ± 0.53 2.57 ± 0.27
C12H26 -1.85 ± 0.41 1.18 ± 0.12 - - -
C14H30 -2.65 ± 0.22 0.90 ± 0.22 - -1.85 ± 0.46 0.89 ± 0.24
C15H32 - - -2.39 ± 0.15 - -
C16H34 -3.35 ± 0.09 0.68 ± 0.07 -2.47 ± 0.15 -2.58 ± 0.29 0.84 ± 0.12
C17H36 - - -2.53 ± 0.15 -2.59 ± 0.17 0.75 ± 0.07
C18H38 - - -2.56 ± 0.15 -2.69 ± 0.17 0.73 ± 0.05
C20H42 -2.31 ± 0.04 0.47 ± 0.01 -2.65 ± 0.15 -2.86 ± 0.12 0.65 ± 0.03
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Figure 3.3: Thermal diffusion coefficient DT, diffusion coefficient D and Soret coefficient
ST for n-decane in different alkanes in dependence of the molar mass of the second alkane
component measured by TC (M) and TDFRS (). For comparison we show also the data (#)
obtained in the previous work by Leahy-Dios and Firoozabadi [85]. All measurements have
been performed for c = 0.5 at a temperature T = 25◦C.
ative when the mass of the second component becomes larger, which implies that n-decane
migrates to the warm side. The agreement between the cylindrical TC and the TDFRS data
is typically better than 5%.
If we compare our data with recent data in the literature [85], we find deviations between
10-30%. Compared to those previous measurements the TC used in this work allows a more
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accurate analysis of the mass separation between the top and the bottom of the TC due to the
smaller gap and a better precision of the gap of Lx = 1.0± 0.005 mm (c.f. 3.2.2). The TC
used by Leahy-Dios and Firoozabadi [85] had a gap of 1.6±0.02mm. This low precision of
the gap dimensions causes an uncertainty of 5% in the determination of the thermal diffusion
coefficient, not regarding the propagating errors due to uncertainties in the thermophysical
properties, which are required to calculate the thermal diffusion coefficient (see Eqs. 3.2 and
3.3). For the TC used in this work the mass separation is 6.55 times greater than for the TC
used in Ref. [85]. Therefore, the difference in the thermal diffusion coefficient, DT, deter-
mined with those two columns (Ref. [85] and this work) becomes larger for mixtures with a
small mass separation. This tendency can be observed for the mixtures n-decane/n-heptane
and n-decane/n-hexadecane. In contrast to the previous measurements we could not con-
firm the non-monotonic trend of the thermal diffusion coefficient with increasing molecular
weight of the second component. Both measurement techniques, TC and TDFRS indicate
that DT becomes constant and therefore independent of the molecular weight of the second
component. This is also the behavior, which has been observed for infinite diluted solutions
of polymers [145, 124].
Figure 3.3(b) shows a comparison between the diffusion coefficients determined in the
previous study by the open-end-capillary (OEC) technique and the present TDFRS study. In
general the OEC data are systematically lower than for the TDFRS data. Typically one finds
deviations larger than 30% in the entire molar mass range of the second compound. Typi-
cally the agreement is better for the higher molar mass components than the lower molecular
weight components, therefore evaporation problems might be responsible for these discrep-
ancies.
In Figure 3.3c we compare the Soret coefficients determined by the TDFRS method with
the previous results by Leahy-Dios and Firoozabadi [85]. Both studies show a decay of the
Soret coefficient with increasing molecular weight of the second component. While the pre-
vious data seem to show a vague minimum, our data do not confirm this tren. The magnitude
of Soret coefficient calculated [85] from the thermal diffusion coefficient determined by the
TC method and diffusion coefficients measured with the OEC method is always larger than
the ST values determined in the TDFRS experiment. The deviations are typically in the order
of 20-40%.
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3.4 Conclusion
In this chapter, we studied systematically binary alkane mixtures by two different techniques,
a convective method the thermogravitational column (TC) (paralelepipedic and cylindrical
configurations) technique and a non-convective method thermal diffusion forced Rayleigh
scattering (TDFRS). In general we found a very good agreement between these two methods.
Nevertheless we found some discrepancies with data published in the literature. The observed
disagreement between the published TDFRS [113] data for the mixture n-decane/n-pentane
is probably caused by an improved data analysis algorithm, which accounts for finite rising
times and slow drifts of the electro-optic devices used in the experiment. Additionally we
found discrepancies with recently published TC data [85]. We assume that the reason for
the disagreement of the recent TC data is the larger gap Lx in the previously used cell [85]
compared to the cells used in this work. The larger gap decreases the accuracy of determin-
ing the mass separation between the two ends of the TC. This is especially important for the
mixtures of decane, with the higher alkanes. Neither our TC nor our TDFRS measurements
showed the upward trend of the thermal diffusion coefficient, DT, for the higher alkanes,
which was recently observed [85]. Our measurements seem to indicate that the thermal dif-
fusion coefficient becomes independent of the molar mass of the second component. This
issue could certainly be further investigated by molecular simulations as it has been done for
alkane mixtures [113] and other small molecules (c.f. Chapter 2).
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4
Mixtures of alkane in benzene:
experiment and lattice
calculations
In this chapter the thermal diffusion behavior of binary mixtures of linear alkanes
in benzene has been investigated by thermal diffusion forced Rayleigh scatter-
ing (TDFRS) for a range of concentrations and temperatures. The Soret co-
efficient ST of the alkane was found to be negative for these n-alkane/benzene
mixtures indicating that the alkanes are enriched in the warmer regions of the
liquid mixtures. For the investigated compositions, the magnitude of the Soret
coefficient decreases with increasing chain length and increasing alkane content
of the mixtures. The temperature dependence of the Soret coefficient depends on
mixture composition and alkane chain length; the slope of ST versus temperature
changes from positive to negative with increasing chain length at intermediate
compositions. To study the influence of molecular architecture on the Soret ef-
fect, mixtures of branched alkanes in benzene were also investigated. Our results
for the Soret coefficients show that the tendency for the alkanes to move to the
warmer regions of the fluid decreases with increasing degree of branching. The
branching effect is so strong that for 2,2,4-trimethylpentane/benzene mixtures
the Soret coefficient changes sign at high alkane content and that equimolar
2,2,3-trimethylbutane/benzene mixtures have positive Soret coefficients in the
investigated temperature range. In order to investigate the effect of molecular
interactions on thermal diffusion, we adapted a recently developed two-chamber
lattice model to n-alkane/benzene mixtures. The model includes the effects of
chain-length, compressibility, and orientation dependence of benzene-benzene
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interactions and yields good qualitative predictions for the Soret effect in n-
alkane/benzene mixtures. For the branched isomers, we find some correlations
between the moments of inertia of the molecules and the Soret coefficients.∗
4.1 Introduction
Thermal diffusion or the so-called Ludwig-Soret effect describes the coupling between a tem-
perature gradient and a resulting mass flux. The effect has important technical applications
for example in the modeling of the separation of crude oil components under the influence
of thermal diffusion in geological conditions [30, 57, 58] ; it also plays an important role in
separation techniques for liquid mixtures (see e.g. Refs. [76, 77, 179]).
According to the phenomenological equations of irreversible thermodynamics, thermod-
iffusion in a binary fluid mixture is described by the flux of one of the components in response
to a temperature and concentration gradient [35]. For an alkane/benzene mixture, for exam-
ple, the flux J of the alkane in response to a temperature gradient ∇T and a mass-fraction
gradient ∇w may be written as [35],
J =−ρD∇w−ρDTw(1−w)∇T, (4.1)
where w is the mass fraction of the alkane, ρ is the density of the mixture, D is the mutual
diffusion coefficient, and DT is the thermal diffusion coefficient of the alkane. In the steady
state (J = 0) the concentration gradient is characterized by the Soret coefficient ST = DT/D
of the alkane; a positive Soret coefficient of the alkane corresponds to the alkane moving to
the colder regions of the fluid [52, 181].
Thermal diffusion in liquid mixtures of non-polar fluids is known to reflect a range of
microscopic properties such as the mass, size, and shape of the molecules as well as their
interactions (see Ref. [179] for a review). In mixtures of polar liquids, specific interactions
between the molecules dominate the thermal diffusion process while mass and size of the
molecules are most important in Lennard-Jones fluids. For liquids of non-polar molecules
that are more complex than Lennard-Jones fluids, the Soret effect appears to depend on a
delicate balance of the molecular properties of the components.
∗ The work described in this chapter is based on J. Phys. Chem. B 110, 26215-26224 (2006)
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This is true, in particular, for mixtures of alkanes and aromatic solvents. Debuschewitz
and Ko¨hler [36] investigated thermal diffusion in isotopic mixtures of benzene and cyclohex-
ane and found that the Soret coefficient could be written as a sum of three contributions:
ST = aMδM +bIδ I +S0T , (4.2)
where δM = (M1−M2)(M1 +M2)−1 and δ I = (I1− I2)(I1+ I2)−1 are the relative differences
of the masses (M1,M2) and moments of inertia (I1, I2) of the molecules, respectively. The
coefficients aM and bI were found to be independent of the composition of the mixture. The
third contribution, S0T, reflects chemical differences of the molecules and was found to de-
pend on the concentration and change its sign at a benzene mole fraction of 0.7. A further
investigation of the isotope effect [183] suggested that the absolute rather than the relative
differences between the masses and moments of inertia should enter the expression for the
Soret coefficient so that the difference terms in Eq. (4.2) are given by δM = M1 −M2 and
δ I = I1− I2.
A number of studies have focused on the Soret effect in mixtures containing an alkane
or benzene as one of the components. Different experimental techniques were applied to in-
vestigate the thermal diffusion behavior of toluene/hexane [188, 46, 75], alkane/alkane (c.f.
Chapter 3), cyclohexane/benzene [36], and n-alkane/benzene [81, 80, 37, 46, 165, 20] mix-
tures. The three binary mixtures of dodecane, isobutylbenzene and 1,2,3,4 tetrahydronaph-
thalene [116] were the subject of a benchmark study to provide reliable values for the Soret,
diffusion and thermal diffusion coefficients of these mixtures. Rowley et al. [132, 131] mea-
sured the heat of transport of binary mixtures of six alkanes (n-hexane, n-heptane, n-octane,
3-methylpentane, 2,3-dimethylpentane, 2,2,4-trimethylpentane) with chloroform and tetra-
chloride in a wide concentration range at 30 ◦C. Demirel and Sandler [38] combined these
data to determine values of thermal diffusion ratios, KT = w(1−w)ST, for these mixtures.
They found that branching had a very small effect on the thermal diffusion ratios. For mix-
tures of pentane and decane, Perronace et al. [113] determined Soret coefficients from both
experiment and molecular dynamics simulations and found reasonable agreement between
experiment and simulations.
Thermal diffusion in hydrocarbon mixtures has also been investigated with theoretical
models based on thermodynamic considerations. Gonzalez-Bagnoli et al. [61] compared
results for the thermal diffusion factor, α = T ST, obtained from seven thermodynamic models
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for the Soret effect with experimental data for three mixtures. They found that three of the
older models did not provide good results for any of the mixtures and that the remaining four
models had varying success in predicting the sign and magnitude of the thermal diffusion
factors. Part of the problem is the quality of the equation of state. A comparison of results
from different equations of state showed, in agreement with earlier work [70], that the partial
molar quantities have a large effect on the calculated values of the thermodiffusion factors.
However, it was also found that an improvement in the representation of the partial molar
quantities does not typically lead to improved predictions for the Soret effect [61].
We focus in the present chapter on the Soret effect in binary alkane/benzene mixtures for
linear as well as branched alkanes. Since benzene is a very good solvent for alkanes, we are
able to explore the composition as well as temperature dependence of the Soret effect. For the
n-alkanes, we expect the differences in the chain length (molecular mass) to have the largest
effect; for the branched alkanes, we expect a significant effect due to differences in the molec-
ular architecture and the corresponding changes in the moments of inertia. However chemical
differences will also be important since the type of covalently bonded neighbors affects the
interactions between carbon atoms (see e.g. Refs. [133, 27]). In addition, ordering effects in
the liquid may play a role. Interactions between benzene molecules are known to depend on
the relative orientation of the molecules (see e.g. Refs. [148, 191, 176, 23]). In the benzene
solid at atmospheric pressure, the relative orientation of benzene molecules corresponds to
the “T” configuration [148, 191], where the rings of the molecules are perpendicular to each
other and the center of the second molecule lies on the normal through the center of the ring
of the first molecule [176, 23]. Since the melting temperature of benzene (278.7 K) is close
to the temperature of the experiments, the orientation dependence of the interactions is ex-
pected to affect the thermophysical properties of alkane/benzene mixtures [135]. The chains
of normal alkanes also show some orientational order in the liquid state near the melting
temperature [53, 21]. While this effect is expected to be negligible for most of the alkanes
investigated in this chapter (their melting temperature is well below room temperature) it may
affect thermodiffusion for the long-chain alkanes. Since interactions between molecules play
such an important role in thermal diffusion a systematic investigation of the alkane/benzene
mixtures will aid the development of molecular models for computer simulations, which have
recently become an important tool in the investigation of the Soret effect (see, for example,
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2-MH 3-MH
2,3-DMP 2,4-DMP
2,2,3-TMB 2,2,4-TMP
Figure 4.1: Chemical structure of the investigated isomers: 2-methylhexane (2-MH), 3-
methylhexane (3-MH), 2,3-dimethylpentane (2,3-DMP), 2,4-dimethylpentane (2,4-DMP),
2,2,3-trimethylbutane (2,2,3-TMB), 2,2,4-trimethylpentane (2,2,4-TMP).
Refs. [113, 130, 189, 104).
In this chapter, the thermal diffusion behavior of alkane/benzene mixtures is investi-
gated experimentally with thermal diffusion forced Raleigh scattering (TDFRS). Experi-
ments were performed on mixtures of benzene with the linear alkanes heptane, nonane, un-
decane, tridecane, pentadecane, and heptadecane and with five isomers of heptane, namely 2-
methylhexane, 3-methylhexane, 2,3-dimethylpentane, 2,4- dimethylpentane, and 2,2,3- trime-
thylbutane, and one isomer of octane, 2,2,4-trimethylpentane. The chemical structures of the
investigated isomers are presented in Fig. 4.1. Experiments were performed in a tempera-
ture range from 20 ◦C to 40 ◦C and for blends with alkane mole fractions of x = 0.25, 0.5,
0.75, and 0.85 and for a mass fraction of x = 0.05. The experiments yield values for the
Soret coefficients, ST, the mass diffusion coefficients, D, and the thermal diffusion coeffi-
cients DT = STD. In order to investigate with theoretical methods the effect of intermolecular
interactions on thermal diffusion, we have adapted a recently developed two-chamber lattice
model for thermodiffusion [90, 91] to alkane/benzene mixtures. In the two-chamber lattice
model, one considers a lattice system divided into two chambers of equal size that are main-
tained at slightly different temperatures. Particles are free to move between the chambers,
which do not otherwise interact. The partition functions for the chambers are calculated in
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exact enumeration and combined to yield a sum of states for the system. The Soret coeffi-
cient is then determined from the difference in average composition of the solutions in the two
chambers. The system-dependent parameters of the model are determined from a comparison
with thermodynamic properties of the pure components and volume changes on mixing. This
allows us to make predictions of the Soret coefficient as a function of temperature, pressure,
and composition without adjustable parameters. We find that predictions from this model,
which includes the effects of chain length of the alkanes and orientation-dependent interac-
tions of benzene molecules, are in good qualitative agreement with the Soret coefficients of
linear alkane chains in benzene.
The chapter is organized as follows: in the next section, Sec. 4.2, we describe briefly
the sample preparation, as well as the TDFRS experiment and the index of refraction mea-
surements necessary for the evaluation of the TDFRS signal. In Sec. 4.3 we present our
experimental results for mixtures of benzene with linear and branched alkanes. In Sec. 4.4
we describe the two-chamber lattice model that is used to predict values of the Soret coef-
ficients of n-alkane/benzene mixtures and we present a comparison with experimental data.
Appendix 4.6 contains details about the determination of system-dependent parameters for
the model. We discuss our results and conclusions in Sec. 4.5.
4.2 Experiment
4.2.1 Sample preparation
The alkanes heptane (99,5%), nonane (99%), undecane (98%), 2-methylhexane (98%), 3-
methylhexane (98%) and 2,2,3-trimethylbutane (99%) were purchased from Fluka; tridecane
(99%), pentadecane (99%), heptadecane (99%), 2,3-dimethylpentane (99%), 2,4-dimethyl-
pentane (99%), 2,2,4-trimethylpentane (99%) and benzene (99.7%) were ordered from Aldrich.
Fig. 4.1 shows the chemical structure of the investigated isomers. The alkane mole fraction
for all mixtures was adjusted by weighing the components. The TDFRS experiments require
a small amount of dye in the sample. All samples contained approximately 0.002 wt% of the
dye Quinizarin (Aldrich). This amount ensures a sufficient optical modulation of the grating
but is small enough to avoid convection and contributions of the dye to the concentration
signal. Before each TDFRS experiment, approximately 2 ml of the freshly prepared solu-
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tion were filtered through 0.2 µm filter (hydrophobic PTFE) into an optical quartz cell with
0.2 mm optical path length (Helma) which was carefully cleaned from dust particles before
usage.
4.2.2 Refractive index increment measurements
In order to determine the changes of the refractive index n with blend composition w at con-
stant pressure P and temperature T , (∂n/∂w)P,T , for each alkane/benzene system measure-
ments were performed with an Abbe refractometer for several mixture compositions around
the desired molar fraction. The slope (∂n/∂w)P,T was then determined by linear interpo-
lation. For instance, we measured the refractive index for seven concentration in the range
between 0.35 to 0.75 in order to determine the slope (∂n/∂w)P,T for x = 0.5. An analog pro-
cedure was used for intermediate molar fractions of x= 0.25 and x= 0.75. For measurements
at very low alkane concentrations, it is important to perform the index of refraction measure-
ments using benzene from the same lot as is used in the TDFRS experiments. The reason is
that the index of refraction of benzene is very sensitive to impurities. Even for high grade ben-
zene we observed a range of refractive index values for pure benzene (between 1.500 - 1.502
at room temperature) which may lead to significant changes in the measured refractive index
increment for mixtures with low alkane content. For all mixture compositions investigated in
this chapter, the temperature derivatives at constant pressure and composition, (∂n/∂T )P,w,
were determined from measurements with a Michelson interferometer [14] in a temperature
range of 3 ◦C above and below the temperature of the TDFRS experiment.
4.2.3 TDFRS experiment and data analysis
In our thermal diffusion forced Raleigh scattering (TDFRS) experiments, the beam of an
an argon-ion laser (λw=488 nm) is split into two writing beams of equal intensity which are
allowed to interfere in the sample cell (see Ref. [113] for a detailed description of the method).
A small amount of dye is present in the sample and converts the intensity grating into a
temperature grating, which in turn causes a concentration grating by the effect of thermal
diffusion. Both gratings contribute to a combined refractive index grating, which is read out
by Bragg diffraction of a third laser beam (λr=633 nm).
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Figure 4.2: Typical normalized TDFRS signals for binary equimolar mixtures of heptane(),
2-MH (I), 3-MH (J), 2,4-DMP (•), 2,3-DMP (F), and 2,2,3-TMB (N) in benzene at a
temperature of 30 ◦C. The solid lines represent the fits to Eq. (4.3).
Fig. 4.2 shows typical heterodyne signals of the read-out laser normalized to the thermal
signal. The intensity ζhet (t) of the signal depends on the transport coefficients and the index
of refraction increments and may be expressed as
ζhet (t) = 1+ (∂n/∂w)P,T
(∂n/∂T )P,w
STw(1−w)
(
1− e−q2Dt
)
. (4.3)
where q = 4pin/λwsin(θ/2) is the grating vector, whose absolute value is determined by the
angle θ between the two writing beams, the wavelength λw, and the index of refraction n.
For the determination of the transport coefficients, Eq. (4.3) is fitted to the measured het-
erodyne signal (see Fig. 4.2) using the independently measured contrast factors (∂n/∂w)p,T
and (∂n/∂T )p,w.
4.3 Results
In Fig. 4.3 we present results for the Soret coefficients ST, the mutual diffusion coefficients
D, and the thermal diffusion coefficients, DT , as a function of temperature for equimolar
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mixtures of benzene and the six n-alkanes considered in this chapter. For the heptade-
cane/benzene mixture, only the Soret coefficients are shown in Fig. 4.3 since the small ampli-
tude of the signal at the lowest temperatures prevented a reliable determination of the mutual
and thermal diffusion coefficients for this mixture. The Soret coefficients of the alkanes in
Fig. 4.3 are negative which implies that the alkane molecules tend to move to the warmer
regions of the fluid while the benzene molecules tend to move in the opposite direction. With
increasing chain length, the Soret coefficients increase (their magnitude decreases) and the
slope of the temperature dependence decreases becoming negative at the highest molecular
weights. The diffusion coefficients D increase with increasing temperature and decrease with
increasing molecular weight of the alkane. The chain length dependence of the diffusion co-
efficients is expected since the size of the alkane molecules and the viscosity of the mixture
increase with increasing molecular mass of the alkanes. Fig. 4.4 shows the transport coef-
ficients ST, D, and DT as a function of alkane mole fraction for mixtures of benzene with
heptane, tridecane, and the branched octane isomer 2,2,4-trimethylpentane (2,2,4-TMP). Ex-
perimental values for three different temperatures are shown for the Soret coefficients while
experimental data for a single temperature are shown for the mutual and the thermal dif-
fusion coefficients. For each of the mixture systems, the Soret coefficient increases with
increasing alkane concentration. For heptane and tridecane, the Soret coefficients remain
negative for all concentrations investigated here. For 2,2,4-TMP, however, the Soret coef-
ficient changes sign near the alkane mole fraction of x = 0.75 and is positive for x = 0.85.
The mutual diffusion coefficient D increases with increasing alkane concentration. Soret
coefficients of heptane/benzene mixtures have been measured independently by Korsching
[81, 80], Demichowicz-Pigoniowa et al. [37], Ecenarro et al. [46] and Trevoy et al. [165]
The results for a temperature of 25 ◦C are presented in Fig. 4.5 as a function of heptane
concentration. The figure shows satisfactory agreement between the results obtained in this
chapter and those from the literature for a temperature of 25 ◦C. We also considered other
temperatures and found excellent agreement with data by Korsching [80] for 35 ◦C and with
Ecenarro et al. [46] for 37.5 ◦C. At the same time our data for 35 ◦C are 6% smaller than
those of Bou-Ali et al. [20]. Soret coefficients for an equimolar heptane/benzene mixture at
different temperatures agree fairly well with the data reported by Trevoy et al. [165]. Fig. 4.6
shows the transport coefficients ST, D, and DT for equimolar mixtures of benzene and isomers
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Figure 4.3: Transport coefficients for equimolar mixtures of benzene and linear alkanes as a
function of temperature. The symbols indicate the Soret coefficients ST, diffusion coefficients
D and thermal diffusion coefficients DT of heptane (), nonane (I), undecane (J), tridecane
(•), and pentadecane (F) and the Soret coefficients of heptadecane (N) in benzene. The lines
connect the data points.
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Figure 4.4: Soret coefficient ST, diffusion coefficient D and thermal diffusion coefficient DT
of heptane (squares), tridecane (circles), heptadecane (diamonds), and 2,2,4-TMP (triangles)
in benzene as a function of the alkane concentration. The top panel shows results for ST at
three different temperatures as indicated. The lower panels show results for D and DT at a
temperature of 40 ◦C. The lines connect the data points.
83
4. MIXTURES OF ALAKANE IN BENZENE: EXPERIMENT AND LATTICE CALCULATIONS
Figure 4.5: Soret coefficients of heptane/benzene mixtures at a temperature of 25 ◦C as a
function of heptane mole fraction. The symbols represent experimental data by (Bou-Ali
et al. [20] (5), Korsching [81] (◦), Demichowicz-Pigoniowa et al. [37] (4) and from TDFRS
().)
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of heptane as a function of temperature. As in the case of the linear alkanes, the Soret co-
efficients are negative, except for the strongly branched 2,2,3-trimethylbutane (2,2,3-TMB),
which has a positive Soret coefficient. At all temperatures, we find that the Soret coefficients
increase with increasing number of side groups of the isomers. This implies that branching
decreases the tendency for the alkanes to move to the warmer regions of a fluid. The diffusion
coefficients of heptane and the isomers 2-MH, 3-MH and 2,4-DMP are the same within ex-
perimental uncertainty, while the diffusion coefficients are lower for the remaining isomers,
2,3-DMP and 2,2,3-TMB. Higher values of the viscosity may be responsible for the smaller
values for the diffusion coefficient of 2,3-DMP and 2,2,3-TMB [186].
4.4 Lattice model for the Soret effect in alkane/ben-
zene mixtures
In this chapter, we describe mixtures of benzene and normal alkanes with a simple lattice
model that includes the effects of compressibility and orientation dependent interactions be-
tween benzene molecules. Consider a simple cubic lattice (coordination number z = 6) with
NL sites of which Nb and Na are occupied by benzene and the alkane, respectively. In order to
account for compressibility, some of the sites will be unoccupied so that NL = Nb +Na +Nv,
where Nv is the number of voids. The total volume of the lattice is V = vNL, where v is the
volume of one elementary cube. Interactions between occupied nearest neighbor sites are
described by interaction energies εi j, where the subscripts indicate the occupants of the sites
(b for benzene and a for the alkane; voids are assumed to have zero interaction energies).
In order to account for the orientation dependence of interactions between benzene mole-
cules in an approximate way, we introduce an orientational degree of freedom for the ben-
zene sites on the lattice. A disk on a simple cubic lattice may be oriented so that its normal
is aligned with the x, y, or z axis. Accordingly, we assign one of three possible orientations
to each site occupied by benzene. In order to distinguish between different relative orienta-
tions, we introduce two interaction energies for benzene-benzene interactions. The energy
parameter εbb;p corresponds to preferred relative orientations of benzene molecules and is
lower than the parameter εbb,n for the remaining orientations. A fraction f of the possible
relative orientations is assumed to have the lower interaction energy. To estimate this fraction
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Figure 4.6: Soret coefficient ST, diffusion coefficient D and thermal diffusion coefficient DT
of heptane (), 2-MH (I), 3-MH (J), 2,4-DMP (•), 2,3-DMP (F), and 2,2,3-TMB (N) in
benzene at a mole fraction of 0.5 as a function of the temperature. The lines connect the data
points.
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for our lattice model, consider a disk located at the origin (coordinates (0,0,0)) and aligned
with the z-axis. If the nearest neighbor site (0,0,1) or (0,0,−1) is occupied by another disk,
then two of the three possible orientations of this disk correspond to “T” configurations with
interaction energy εbb;p. For the nearest neighbor sites (±1,0,0) and (0,±1,0), on the other
hand, only one of three orientations of the occupying disk yields a “T” configuration. Hence,
eight of the total of eighteen relative orientations corresponds to favorable interactions, which
yields f = 4/9 for the fraction of preferred orientations.
A first approximation to the probability pp that two benzene sites make a preferred contact
at a given temperature T is given by
pp =
f e−β εbb;p
f e−β εbb;p +(1− f )e−β εbb;n , (4.4)
where β = 1/kBT and kB is Boltzmann’s constant. With a random mixing approximation
[84] for the arrangement of the different sites on the lattice, we obtain for the internal energy
per site, u,
u =
z
2
(φ2b [ppεbb;p +(1− pp)εbb;n]+φ2a εaa +φaφbεab) , (4.5)
where the energy parameters εaa and εab describe alkane-alkane and alkane-benzene inter-
actions, respectively, and where φa, φb, and φv denote the fractions of lattice sites occupied
by the alkane, benzene, and voids, respectively. With these approximations, the canonical
partition function of the system may be written as
Z(NL,T,Na,Nb) = 3Nb

 NL
Na



 NL−Na
Nb


×exp
{
−β NL z2
(φ2b ε˜bb +φ2a εaa +φaφbεab)} , (4.6)
where an effective interaction parameter ε˜bb has been introduced,
e−β ε˜bb = f e−β εbb;p +(1− f )e−β εbb;n. (4.7)
From the partition function, the pressure of the system may be calculated according to
P =
1
β v
( ∂Z
∂NL
)
Na,Nb
. (4.8)
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In Appendix 4.6 we describe how the system-dependent parameters for the alkane/benzene
mixtures were determined. In the following, we use a lattice with NL = 5000 sites. For
a given temperature, pressure, and composition of a mixture, the occupation numbers Na
and Nb are determined by gradually filling the lattice with alkane and benzene sites in the
right proportion until the pressure reaches the desired value. Due to the discrete nature of
the lattice, the targeted pressure cannot be reached exactly. However, the size of the lattice
ensures that the deviations from the target pressure have a negligible effect on the results
presented here.
4.4.1 Calculation of Soret coefficients
In order to describe thermodiffusion, we divide the lattice into two equal chambers, A and
B, each with lattice sites NA = NB = NL/2 but with slightly different temperatures, T A =
T B +δT . With Na and Nb denoting the alkane and benzene occupation numbers of the whole
lattice, chambers A and B have occupation numbers {NAa ,NAb } and {NBa = Na −NAa ,NBb =
Nb −NAb }, respectively. Under the assumption that the chambers are non-interacting, the
partition function of the whole system is the product of the the partition functions of the
chambers, ZAZB. A sum of states Q may then be defined by summing over all possible
occupations of the two lattices [90]
Q = ∑
[NAa ,NAb ]
ZA(NA,T,NAa ,NAb )
×ZB(NB,T,Na−NAa ,Nb−NAb ), (4.9)
where the square brackets indicate a summation consistent with the total number of particles
and lattice sites.
We evaluate Eq. (4.9) by exact enumeration of all possible occupations of the chambers.
As we are performing the calculation of the terms in the sum of states, we also calculate the
mass fractions of the alkane, wA(NAa ,NAb ) and wB(Na−NAa ,Nb−NAb ) using Eq. (4.15) applied
to the filling fraction of the chambers. The average mass fraction w¯A of the alkane in chamber
A is determined by the weighted sum
w¯A =
1
Q ∑
[NAa ,NAb ]
wA(NAa ,NAb )Z
A(NA,T,NAa ,NAb )
×ZB(NB,T,Na−NAa ,Nb−NAb ), (4.10)
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and similarly for the average mass fraction w¯B in chamber B. Finally, the Soret coefficient of
the alkane is calculated from
ST =− 1
w(1−w)
w¯A− w¯B
T A−T B , (4.11)
where w is the alkane mass fraction of the whole system.
4.4.2 Comparison with experimental data
In Fig. 4.7 we present predictions from our lattice model for the Soret coefficients of equimo-
lar n-alkane/benzene mixtures as a function of temperature. In agreement with the exper-
imental data shown in Fig. 4.3, the ST values calculated from Eq. (4.11) increase with
increasing chain length. As in the case of the experimental data, the slope of the Soret coef-
ficients as a function of temperature decreases with increasing chain length. However, at this
composition, the predicted slope of ST versus T is positive for all chain lengths whereas the
experiments show a negative slope for the longest chains. The sign of the slope is compo-
sition dependent. For low alkane concentrations, both theory and experiment show positive
slopes for all chain lengths. As the alkane content increases, the slope decreases and becomes
negative for the longest chains at high alkane concentration. For tridecane, for example, the
experimental data presented in Fig. 4.4 show the Soret coefficient to increase with tempera-
ture for x = 0.25, to be almost independent of temperature for x = 0.5, and to decrease with
temperature for x = 0.75. The calculated ST values for tridecane change from increasing with
temperature to decreasing with temperature at a higher alkane content (x ' 0.92) and only
after the calculated Soret coefficients have become positive. For heptadecane, the change in
behavior in the experimental data occurs for a concentration smaller than x = 0.5 while the
calculated values change behavior near x' 0.78. Fig. 4.8 shows Soret coefficients as a func-
tion of chain length N of the alkanes at a fixed temperature of 30 ◦C for the same mixtures
as in Fig. 4.7. A comparison between theory (open symbols) and experiment (filled symbols)
shows that the model describes well the trend in the chain length dependence but that the cal-
culated ST values are always between 0.5 and 1.3× 10−3 K−1 higher than the experimental
values at this composition. In Fig. 4.9 we present Soret coefficients of heptane and tridecane
in mixtures with benzene as a function of composition for three different temperatures. The
symbols connected by dashed lines represent experimental data (see also Fig. 4.4) while the
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Figure 4.7: Alkane Soret coefficients as a function of temperature for mixtures of benzene
and linear alkanes at a mol fraction of x = 0.5 and atmospheric pressure. The solid lines
indicate values for the Soret coefficient ST calculated from Eq. (4.11) as described in the text.
Figure 4.8: Alkane Soret coefficients as a function of number of carbon atoms in the alkane
chain for mixtures of benzene and linear alkanes at a mol fraction of x = 0.5 and a temper-
ature of 30 ◦C. The open symbols represent values for the Soret coefficient calculated from
Eq. (4.11), the filled symbols represent experimental results from TDFRS.
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Figure 4.9: Soret coefficients of heptane and tridecane in mixtures with benzene as a func-
tion of composition for three different temperatures. The solid lines indicate values for the
Soret coefficient calculated from Eq. (4.11), the symbols represent experimental results from
TDFRS (see Fig. 4.4), the dashed lines connect data points.
solid lines represent Soret coefficients calculated from Eq. (4.11). Both theory and experi-
ment show an increase of the alkane Soret coefficients with increasing alkane mole fraction,
x. They also show that the temperature dependence of the Soret effect is larger for benzene-
rich mixtures than for alkane rich mixtures, as discussed above. As in the comparison at
fixed mixture composition, the theory reproduces the trends in the experimental data but it
overestimates the values of the Soret coefficients. Experimental data are most easily inter-
preted for mixtures where the alkane concentration is very low. For dilute alkane mixtures,
the density of the mixture is close to that of pure benzene. In addition, each alkane molecule
is surrounded by benzene molecules so that interactions between alkane molecules do not
play a role. For dilute solutions, our lattice model shows a close correlation between (net)
interaction parameters and the Soret coefficient: the minority component is enriched in the
warmer regions of the fluid (and its Soret coefficient is negative) when the contribution to
the internal energy of the mixed interaction is less negative (less attractive) than that of the
interactions between molecules of the majority component. The absolute value of the Soret
coefficient decreases as the magnitude of the difference between contributions from mixed
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and like interactions decreases. For mixtures dilute in alkane, the relevant interaction energy
for like interactions is the average energy associated with a benzene-benzene contact
〈εbb〉= ppεbb;p +(1− pp)εbb;n, (4.12)
where the probability pp is given by Eq. (4.4).
Figure 4.10 shows temperature dependent Soret coefficients for mixtures with very low
alkane mass fractions (w = 0.05). The symbols represent experimental data (see Fig. 4.4)
for heptadecane, tridecane, and heptane. The solid lines show calculated values for heptane,
tridecane, and heptadecane, where the curves for tridecane and heptadecane are indistinguish-
able in this graph. The experiments on w = 0.05 mixtures yield negative Soret coefficients for
the alkanes (heptane, tridecane, and heptadecane) with values that are independent of chain
length within the uncertainty of the experiment. The observed chain-length independence
may be due to a competition between two effects. For dilute solutions of chain molecules, one
often observes thermal diffusion coefficients that are chain-length independent [76, 179, 26]
and, since mutual diffusion coefficients decrease with increasing chain length, Soret coeffi-
cients whose absolute values increase with molecular mass. For the n-alkane/benzene mix-
tures at higher concentrations, on the other hand, we observe absolute values of the Soret
coefficients that decrease with chain length. Additional measurements at lower and inter-
mediate concentrations would be required to test if this competition between effects indeed
takes place. The predicted values of the Soret coefficients in Fig. 4.10 are negative and sys-
tematically higher than the experimental values. The calculated ST values, however, show a
chain length dependence for shorter chains and become independent of N when the mixed
benzene-alkane interactions become chain-length independent, that is for N = 11 to N = 17
(see Table 4.1). In the present lattice model, there is no chain connectivity and no distinc-
tion between alkane sites at chain ends (methyl groups) and along the chain (ethyl groups).
The differences between theoretical and experimental values suggest that such a distinction
is important.
Fig. 4.10 shows that our model reproduces the temperature dependence of the Soret co-
efficients for mixtures with low alkane content very well. In order to investigate the role of
thermal expansion, we also performed constant density calculations for these mixtures. The
inset shows as dashed lines calculated ST values as a function of temperature for a constant
density corresponding to the density at atmospheric pressure for the lowest temperature dis-
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played. A comparison of the results from the constant pressure (solid lines) and constant
density (dashed lines) calculations shows that thermal expansion of the mixtures with low
alkane content leads to more negative values of the Soret coefficients for the alkanes. At
constant density, the calculated temperature dependence of the Soret coefficients is a conse-
quence of the temperature dependence of the average energy per benzene-benzene contact,
Eq. (4.12). The temperature dependence at constant pressure also includes a contribution due
to the density decrease with increasing temperature. For mixtures that are rich in benzene, a
decrease in density leads to the disruption of mixed benzene-alkane contacts and has a sim-
ilar effect as a decrease in the magnitude of the mixed interaction energy, i.e. an increase in
the tendency of the alkane to move to the warmer regions of the fluid. The concentration
dependent Soret coefficients displayed in Figs. 4.4 and 4.9 show that the tendency of alkane
molecules to migrate to the warmer regions of the fluid decreases (the Soret coefficients be-
come more positive) with increasing alkane concentration for all temperatures and alkane
molecules investigated. When the concentrations of alkane and benzene molecules are nearly
equal, close to a weight fraction of w = 0.5, the differences in the interactions between like
molecules dominate the Soret effect. Since benzene-benzene interactions are more attrac-
tive than alkane-alkane interactions, we observe negative Soret coefficients for all alkanes.
(Please note that the values in Fig. 4.7 are calculated for a mole fraction of x = 0.5 which
corresponds to a mass fraction of about w = 0.75 for heptadecane). Part of the concentra-
tion dependence of the Soret coefficients is due to the difference in interaction energies for
benzene-alkane and alkane-alkane contacts. The parameters in Table 4.1 show that the mixed
interactions εab are less attractive than the alkane-alkane interactions εaa. Since the num-
ber of alkane-alkane contacts increases with increasing alkane concentration, and since the
difference between alkane-alkane and benzene-benzene interactions is smaller than that be-
tween mixed interactions and benzene-benzene interactions, the Soret coefficient is expected
to become more positive with increasing alkane content. In addition, the density decreases
with increasing alkane composition and leads to a further increase of the alkane Soret coeffi-
cient. For high alkane concentrations, finally, the Soret effect is dominated by the difference
in benzene-alkane and alkane-alkane interactions. While the TDFRS results suggest that the
Soret coefficient of tridecane remains negative as the mixture becomes dilute in benzene, our
calculations yield positive Soret coefficients for tridecane at high alkane content. This shows
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Figure 4.10: Alkane Soret coefficients as a function of temperature for mixtures of benzene
and linear alkanes at a mass fraction of w = 0.05 and atmospheric pressure. The symbols rep-
resent experimental data for heptadecane (C17), tridecane (C13), and heptane (C7). The solid
lines represent values for the Soret coefficient ST calculated from Eq. (4.11) for a pressure of
0.1 MPa for heptane (gray), tridecane (black) and heptadecane (indistinguishable from tride-
cane in the graph). The inset compares calculations at constant pressure, P = 0.1 MPa, (solid
lines) with calculations at constant density (dashed lines), ρ = 869.2 kg/m3 for heptane and
ρ = 874.0 kg/m3 for tridecane.
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that the effective benzene-alkane interaction at high alkane content is more attractive than
described by our simple lattice model.
In summary, the comparison of the predictions from our two-chamber lattice model with
the experimental values for the Soret coefficients shows that the model captures the trends of
the variation of the Soret coefficient with temperature, molecular mass and composition. The
differences between calculated and experimental values are most pronounced for alkane-rich
mixtures. There are several reasons for the increase in the deviations between theory and
experiment with increasing alkane content. For one, the random mixing approximation that
we have employed in our lattice model is expected to be most appropriate for mixtures with
low alkane concentrations since the concentration of both voids and alkane sites is low for
these mixtures. As the alkane content increases at constant pressure, the total filling frac-
tion decreases (with the density) and differences in the interaction energies are expected to
lead to non-random distributions of nearest neighbor contacts. Furthermore, the lattice model
for the alkanes is very simple and the determination of system-dependent parameters started
from benzene, allowing only two adjustable parameters to describe the thermodynamics of
the pure alkane fluids. A more sophisticated model for the alkanes that allows, for example,
for different interaction energies for chain ends, sites along a linear chain, and branch points
should lead to better description of the Soret effect for alkane rich mixtures and also allow us
to investigate mixtures of branched alkane isomers. Unfortunately, the available thermody-
namic data for the mixture systems investigated here are not sufficiently detailed to determine
the system-dependent parameters for models with several interaction parameters for alkane-
alkane and alkane-benzene interactions. However, our simple lattice model helps us separate
molecular mass and density effects from effects due to differences in molecular interactions.
4.5 Discussion and Conclusion
The thermal diffusion forced Raleigh scattering experiments have shown that the Soret effect
in alkane/benzene mixtures depends on the molecular mass and structure of the alkane as
well as the temperature and composition of the mixture. For the linear chains, a simple lattice
model is able to reproduce the experimental trends. For the branched isomers, however,
an interpretation of the data is more difficult. A comparison of the experimental data for
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branched heptane isomers in Fig. 4.6 and with those for the linear chains between heptane and
heptadecane in Fig. 4.3 shows that the effect of branching on the Soret coefficients is larger
than that of the molecular weight. This is not expected from the thermodynamic properties of
the pure alkane fluids; the density at a given temperature, for example, depends much more
strongly on the chain length than on the molecular architecture.
The moments of inertia have been shown to make an important contribution to the Soret
effect for mixtures of cyclohexane and benzene isotopes [36], see Eq. (4.2). In order to
explore this effect we have calculated the moments of inertia about the symmetry axis (Izz
for the disk-like benzene molecules, Ixx for the more prolate alkane molecules) using an
atomistic model for single molecules in vacuum [5]. In Fig. 4.11 we present the measured
Soret coefficients of the linear and branched alkanes at a temperature of 20 ◦C and a mole
fraction of x = 0.5 as a function of the difference δI = Ixx,alkane − Izz,benzene. For the linear
alkanes, there is an almost linear correlation between δI and the Soret coefficients. This is not
unexpected since Ixx,alkane grows almost linearly with chain length as do the Soret coefficients,
which makes it difficult to separate the mass and moment of inertia contributions in Eq. (4.2).
However, in contrast to what was found for the isotope mixtures, the coefficients in Eq. (4.2)
representing the slope of the ST values are not independent of composition. This suggests that
a separation into mass, moment of inertia, and chemical contributions is not straightforward
for the alkane mixtures.
For the branched alkanes, the moments of inertia Ixx,alkane increase with increasing number
of methyl groups much as the Soret coefficients. On the other hand, the chemical contribution
is also expected to change with alkane architecture. When comparing theory and experiment
for linear alkane mixtures with low alkane mass fraction (w = 0.05) we noted that the exper-
imental data suggested different interaction energies between benzene molecules and methyl
groups and benzene molecules and ethyl groups. Similar differences are expected to hold
for interactions between different carbon groups of branched alkane molecules [133, 27] and
between such groups and benzene molecules.
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Figure 4.11: Soret coefficients of heptane isomers and linear alkanes as function of the dif-
ference in principal moments of inertia as discussed in the text. The symbols represent ex-
perimental values for the Soret coefficients at a temperature of 20 ◦C and a mole fraction of
x = 0.5. The dashed lines are a guide to the eye.
4.6 Appendix: Determination of system-dependent pa-
rameters for alkane/benzene mixtures
Our lattice model for alkane/benzene mixtures has seven system-dependent parameters. In
order to determine these parameters, we consider the thermodynamic limit of the partition
function introduced in Eq. (4.6) of Section 4.4. In this limit, Eq. (4.8) for the pressure of the
mixtures yields
P =− 1β v
[
ln(1−φv)− z2β
(φ2b ε˜bb +φ2a εa +φaφbεab)] , (4.13)
The filling fractions are related to the density and composition of the mixture through
φa = vraxρ˜, φb = vrb(1− x)ρ˜, φv = 1−φa−φb, (4.14)
where x is the mol fraction of the alkane and ρ˜ is the number density of the mixture. Here, v
is the volume per lattice site and the numbers ra and rb represent the number of lattice sites
per alkane and benzene molecule, respectively. The mass fraction w of the alkane is related
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Table 4.1: System-dependent parameters for alkane/benzene mixtures; Mw,a and Mw,b denote
the molecular masses, ra and rb the number of lattice sites per alkane and benzene molecule,
respectively, εi j are interaction parameters as discussed in the text, and f is the fraction of
favorable benzene-benzene contacts.
Lattice site volume v = 2.2348×10−5 m3·mol−1
Mw,b rb εbb;p εbb;n
Benzene g·mol−1 J·mol−1 J·mol−1
f = 0.444 78.11 3.7870 −4142.4 -226.87
Mw,a ra εaa εab
Alkane g·mol−1 J·mol−1 J·mol−1
Heptane 100.21 6.1064 −2526.9 −2506
Nonane 128.26 7.5131 −2596.4 −2526
Undecane 156.31 8.9359 −2648.7 −2539
Tridecane 184.37 10.311 −2659.4 −2540
Pentadecane 212.42 11.755 −2696.8 −2543
Heptadecane 240.48 13.225 −2743.0 −2540
to the filling fractions through
w =
φaMw,a/ra
φaMw,a/ra +φbMw,b/rb , (4.15)
where Mw,a and Mw,b are the molecular masses of the alkane and benzene, respectively. In
Eq. (4.13), εaa and εab are the interaction parameters for alkane-alkane and alkane-benzene
interactions, respectively. The effective parameter ε˜bb for benzene-benzene interactions was
defined in Eq. (4.7) as exp(−β ε˜bb) = f exp(−β εbb;p)+(1− f )exp(−β εbb;n), where f = 4/9
is the fraction of preferred contacts and εbb;p and εbb;n represent the interaction energies for
preferred and non-preferred contacts, respectively. For the one-component liquid benzene, we
determined the system-dependent parameters v, rb, εbb;p and εbb;n from a comparison of cal-
culated values of thermophysical properties with tabulated values from the NIST Chemistry
WebBook [4] based on the equation of state by Polt et al. [119]. In the temperature range
between 288 and 318 K we considered saturated liquid densities, densities at the constant
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Figure 4.12: Excess volume of alkane/benzene mixtures at a temperature of 25 ◦C and atmo-
spheric pressure. The symbols represent experimental data for heptane/benzene mixtures by
Kouris and Panayiotou [82], the lines represent values calculated from our lattice model with
the parameters in Table 4.1.
pressure of P = 0.1 MPa, and, also at P = 0.1 MPa, the combination of pressure derivatives
cp− cv = ρ˜−2T (∂P/∂T )2ρ˜/(∂P/∂ ρ˜)T , where cp and cv are the molar isobaric and isochoric
heat capacities, respectively. The resulting values for the system-dependent parameters are
presented in Table 4.1. They correspond to a good representation of the saturated liquid den-
sities (root mean squared relative deviation (rmsd) ≈ 0.5%, maximum deviation -0.78%), a
very good representation of the densities at atmospheric pressure ( rmsd ≈ 0.1%, maximum
deviation 0.26%), and a reasonable representation of cp− cv ( rmsd ≈ 11%, maximum de-
viation -19%). The value of the volume per lattice site v obtained for benzene, was also
adopted for the pure alkanes and for all mixtures. For each of the alkanes, the two remaining
system-dependent parameters ra and εaa were determined from a comparison with tabulated
values for the density at atmospheric pressure [32, 186] and the corresponding thermal ex-
pansion coefficients [186], α =ρ˜−1 (∂P/∂T )ρ˜/(∂P/∂ ρ˜)T , in the temperature range from
288 to 318 K. The resulting values for the parameters ra and εaa are included in Table 4.1.
They correspond to a very good representation of the densities (maximum deviation -0.12%)
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and a reasonable representation of the thermal expansion coefficients (rmsd ≈ 9–10%).
Finally, in order to establish values for the mixed interaction energies εab, we consider
the excess molar volume V E of alkane/benzene mixtures
V E =
1
ρ˜ −
x
ρ˜a
− 1− xρ˜b , (4.16)
where ρ˜ , ρ˜a, and ρ˜b are the molar densities of the mixture, the alkane, and benzene, re-
spectively, at the given temperature and pressure. Kouris and Panayiotou [82] measured the
density of benzene, heptane, and their mixtures at a temperature of 25◦C and atmospheric
pressure for a range of compositions. We determined a value for εab for heptane/benzene
mixtures by comparing values for the excess volume derived from the experimental data with
values calculated from our lattice model. In Fig. 4.12 we present excess volumes at 25◦C and
atmospheric pressure for the mixtures of benzene with linear alkanes considered in this chap-
ter. The symbols and the lowest solid line represent experimental [82] and calculated values
for the excess volume of heptane/benzene mixtures, respectively, and show that the simple
lattice model reproduces the volume change on mixing well. Unfortunately, excess volume
data are not available for the other mixtures of benzene and n-alkanes considered in this chap-
ter. For mixtures of benzene with the even n-alkanes hexane through hexadecane, Awwad et
al. [10] determined excess volumes at a temperature of 25 ◦C and atmospheric pressure. We
estimated values for the mixed interaction energies for the odd n-alkanes nonane through hep-
tadecane, by requiring that the excess volumes be an increasing function of the chain length.
The resulting values for the mixed interaction parameters are included in Table 4.1, the solid
lines in Fig. 4.12 represent values calculated with these parameters.
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Mixtures of branched heptane
in benzene: RNEMD
simulations
We studied the thermal diffusion behavior of mixtures of benzene and heptane
isomers by reverse nonequilibrium molecular dynamics. For n-heptane/benzene
mixtures we investigated the concentration dependence of the Soret coefficient.
The Soret coefficient for equimolar mixtures of the three heptane isomers 3-
methylhexane, 2,3-dimethylpentaneand 2,4-dimethylpentane in benzene has been
calculated. Compared to the experimental data, the simulation results show the
same trend in dependence of the mole fraction and degree of branching. The
negative Soret coefficient indicates the enrichment of alkanes in the warm side.
In the case of the heptane isomers in benzene we could study the influence of the
difference in shape and size on the thermal diffusion behavior at constant mass.
In the simulation as well as in the experiment we found that the Soret coefficients
becomes higher with increasing degree of branching. Such behavior can not be
explained only by mass and size effects. The effect of the molecular shape needs
to be considered additionally. ∗
5.1 Introduction
Thermal diffusion describes the migration of molecules in a temperature gradient. In the
simple case of a binary mixture with constant pressure there is a mass diffusion current
jD =−ρD∇x (5.1)
∗ The work described in this chapter is accepted for publication in J. Chem. Phys.
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and a thermal diffusion current jT =−ρDTx(1− x)∇T , with x the molar fraction, ρ the den-
sity of the liquid, and D and DT the mutual mass and thermal diffusion coefficients, respec-
tively. In the stationary state the two flows cancel and the resulting concentration gradient is
given by
∇x =−STx(1− x)∇T. (5.2)
ST = DT/D is the Soret coefficient. A positive Soret coefficient of the component with the
mole fraction x implies that this component moves to the cold region of the fluid. The main
practical applications are separation processes [145, 29] such as thermal field flow fraction-
ation of polymers and colloids or isotope separation, characterization of geochemical pro-
cesses [66, 30] and combustion [128].
The reverse nonequilibrium molecular dynamics (RNEMD) method has been developed
to calculate the Soret coefficient. The energy flux is fixed by the boundary conditions and
ST can be easily calculated from temperature and concentration gradients according to Eq.
5.2. This method has been successfully applied for investigation of the thermal diffusion
behavior in Lennard-Jones fluids [126], methane in ”super” methane [56], methane/n-decane
[156], methane/n-alkane [55], n-pentane/n-decane [113], benzene/cyclohexane [189] and wa-
ter/alcohol [104] mixtures. In the Chapter 2 we also investigated the thermal diffusion pro-
cess in binary mixtures of simple molecules (tetraethylsilane, di-tert-buthylsilane and carbon
tetrabromide in carbon tetrachloride) by thermal diffusion forced Rayleigh scattering (TD-
FRS) and MD simulations. It was found, that the component with the larger mass and larger
Hildebrandt parameter moves to the cold side. This is the typical behavior of ideal solutions
of spherical molecules, for which the enthalpy of mixing and the mixing volume are close to
zero. The Hildebrandt parameter provides a numerical estimate of the degree of interaction
between materials, and can be a good indication of solubility. For organic compounds it can
be estimated according to δ =
√
ρ(Hvap−RT )/M with the gas constant R and enthalpy of
vaporization Hvap.
However, this simple rule of thumb fails for alkane/benzene mixtures (c.f. Chapter 4).
The heavier linear alkane always moves to the warm side. This tendency becomes weaker
with increasing degree of branching and the highly branched isomer of heptane (2,2,3 - TMB)
moves to the cold side. The thermal diffusion behavior of linear alkanes is well described by
a simple lattice model (SLM) (c.f. Chapter 4). At the same time the SLM is not capable
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to describe the thermal diffusion behavior of branched alkanes because their thermodynamic
parameters such as density, heat capacity and thermal expansion coefficient are not sensitive
to the degree of branching. In this chapter we investigated the dependence of the trans-
port properties versus concentration for n-heptane/benzene mixture and versus the degree of
branching for equimolar branched heptane/benzene mixtures by RNEMD simulation. The
obtained simulation results have been compared with the data from the TDFRS experiment.
The TDFRS method works with fairly small temperature differences in the order of micro
to milli Kelvin and is one of the most effective methods existing today for investigation of
the thermal diffusion behavior of different binary mixtures. This method avoids convection
and provides accurate and reliable Soret and thermal diffusion coefficients for different kinds
of liquid mixtures such as low molecular weight mixtures but also polymer solutions and
colloidal suspensions [116].
5.2 Computational details
Reverse nonequilibrium molecular dynamics method has been applied to investigate the ther-
mal diffusion of alkane/benzene mixtures. A detailed description can be found elsewhere
[189]. The intermolecular force field contained constraints, angle bending, torsional poten-
tials and harmonic dihedral potential. Lorentz-Berthelot mixing rules were employed for
unlike nonbonded interactions. The force field parameters for benzene were taken from Mi-
lano et al [96]. The C-H bonds were slightly polarized in order to reproduce the benzene
quadrupole moment. The same benzene model has been successfully used to simulated the
thermal difusion properties of benzene/cyclohexane mixtures [189]. For alkanes we used the
TraPPE-UA [93] force field. All CHn groups were treated as individual atoms without taking
into account electrostatic interactions. We also tried to use the force field from Nath [103],
but the obtained values for the enthalpy of vaporization were also lower than in the experi-
ment. Chang and Sandler [27] proposed a full atom force field in order to solve this problem.
We are aware of the fact that the choice of the force field is crucial for calculating the thermal
diffusion properties and more sophisticated models such as full atom force fields might be
feasible in future simulations.
All systems were simulated at T=303 K and P=1 atm. The YASP package [101] was
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used. The cutoff length for nonbonded interactions was 1.1 nm. The time step was 2 fs.
First, the studied mixture was equilibrated in the cubic simulation box. Then, the cell was
replicated in z-direction (Lx=Ly=Lz/3 ≈ 4 - 4.4nm). The diffusion coefficients were obtained
from equilibrium molecular dynamics simulations (EMD) with a runtime of 350 ps. The
self diffusion coefficient DS was calculated from the mean square displacements 4r2 of the
center of mass of the molecules via the Einstein relation in pure liquids [189]
DS =
1
6
d
dt 〈4r
2〉. (5.3)
The same expression has also been used the calculated the self diffusion in binary mixtures,
which is often denoted as tracer diffusion. The mutual diffusion coefficient D12 was cal-
culated from the mean-squared displacement of the center of mass of all molecules of one
species [189]
Di12 = x1x2
(
1
x1M1
+
1
x2M2
)2
(xiMi)2
N〈(4rcmi )2〉
6t , (5.4)
where Di12 is the diffusion coefficient, calculated from the center of mass of all molecules of
the species i, xi and Mi the corresponding mole fraction and molecular weight, respectively
and N is the total number of molecules. D112 is equal to D212 as far as the momentum is con-
served. In Eq. 5.1 the mutual diffusion coefficient is denoted simplified as D. The error bars
were calculated from the standard deviation among the x, y and z components of the diffu-
sion coefficient. The heat of vaporisation was calculated from the intermolecular nonbonded
energy Hvap =−〈E inter〉+RT .
All reverse nonequilibrium molecular-dynamics (RNEMD) simulations were performed
at constant NVT conditions with 960 or 1500 molecules in the simulation box. The periodic
system was divided into 20 slabs along the z - direction. The average temperature 300 K was
kept constant by a thermostat of Berendsen et al. [16], with the temperature coupling time
being τ = 50 ps. The temperature gradient was created by exchanging every Nexch steps the
center of mass velocity vector of two molecules (”coldest” molecule in the hot slab one and
the ”hottest” molecule in the cold slab 11) of the same kind. After the concentration gradient
is induced the Soret coefficient can be calculated (c.f. Eq. 5.2). For each simulation run
two values of the Soret coefficient were calculated: from 9 slabs of the downward branch
and from 9 slabs in the upward branch. The hottest and coldest slabs have been excluded
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from the analysis. The final value of ST represents the average value, the error bars reflect the
difference between ST from downward and upward branches.
5.3 Equilibrium molecular dynamics simulations
Fig. 5.1A shows a good agreement between the simulated and experimental [82] densities
for n-heptane/benzene mixture at different concentrations. Typically, the agreement is better
than 1.5%. The self diffusion coefficients of benzene and n-heptane are 30% lower and 20%
larger, respectively than the experimental value [96, 49]. The mutual diffusion coefficient for
a n-heptane mole fraction of 0.25 is in satisfactory agreement with the experiment, while the
other two values (n-heptane mole fraction of 0.5 and 0.75) are systematically ≈ 40% larger
than in the experiment. Nevertheless, the experimental trend is reproduced.
Table 5.1 shows the experimental and the simulation density and heat of vaporization for
pure benzene, n-heptane, 3-methylhexane (3-MH), 2,3-dimethylpentane (2,3-DMP) and 2,4-
dimethylpentane (2,4-DMP). The simulated densities are in satisfactory agreement with the
experimental values. The branching effect has almost no influence on the heptane density.
The vaporization enthalpies from simulations for benzene and heptane are also in satisfactory
agreement with experiment, while their values become systematically smaller than in exper-
iment with increasing degree of branching. Unfortunately, we did not find the values of the
self diffusion coefficient of n-heptane and its isomers in the literature. The simulated self
diffusion coefficient decreases with increasing degree of branching (4.3, 4.15, 3.58 and 3.78
cm2s−1 for n-heptane, 3-MH, 2,3-DMP and 2,4-DMP, respectively).
Fig. 5.2A and B shows the density and diffusion coefficients for equimolar mixtures of
n-heptane and its isomers in benzene. The densities of the branched heptane/benzene mix-
tures are roughly 2% larger than for the equimolar heptane/benzene mixture. The calculated
mutual diffusion coefficient for branched heptane/benzene mixtures agrees better with the ex-
perimental values than for the equimolar mixture of heptane in benzene. More ideal packing
of the heptane isomers in benzene can be responsible for the smaller error bars of the mutual
diffusion coefficient.
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Figure 5.1: (A) Comparison between simulated () and experimental () [82] densities for
n-heptane/benzene mixtures. (B) Comparison between simulated () and experimental ()
(c.f. Chapter 4) mutual diffusion coefficients for n-heptane/benzene mixtures. Tracer and
self diffusion coefficient of benzene (M) and n-heptane (O) in the mixture and in the pure
liquid, respectively. Stars (F) represent the literature data for self diffusion coefficient DS of
benzene [96] and n-heptane [49].
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Figure 5.2: (A) The simulated () and experimental () alkane densities for equimolar mix-
tures of n-heptane and its isomers in benzene. (B) Comparison between simulated and exper-
imental (c.f. Chapter 4) mutual diffusion coefficients (, ) for the same mixtures and the
tracer diffusion coefficients of benzene (M) and of heptane and its isomers (O). Solid symbols
refer to experimental values and open symbols to simulation results. For clarity the diffusion
coefficient have been shifted by a small amount in the x-direction.
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Table 5.1: The density and the heat of vaporization of the investigated solvents from the
experiment [1, 186], and simulations.
substance ρexp / ρsim / Hvapexp / Hvapsim /
gcm−3 gcm−3 kJ mol−1 kJ mol−1
n-heptane 0.684 0.682 36.2 33
3-MH 0.687 0.686 35.2 27.8
2,4-DMP 0.673 0.681 33.1 23.6
2,3-DMP 0.695 0.690 34.1 21.9
benzene 0.874 0.877 34.2 32.5
5.4 Non equilibrium molecular dynamics simulations
Fig. 5.3 shows the temperature and mole fraction profiles for three n-heptane/benzene mix-
tures with a molar fraction of xheptane = 0.25, 0.5 and 0.75. The average fluctuation of the
concentration is 8% and temperature variation is 2K in each slab. The simulations for n-
heptane/benzene mixture with xheptane = 0.25 and 0.5 were performed with Nexch=100 and
1500 molecules in the simulation box. The simulation time was 11 and 13.7 ns, respectively.
For xheptane=0.75 the exchange period was 250 and the number of molecules in simulation
box was equal to 960 with a simulation time was 27 ns. For this concentration it was dif-
ficult to get a linear concentration gradient at lower exchange number 220 and 125. Fig.
5.4 shows the calculated Soret coefficient in comparison with experimental data (c.f. Chap-
ter 4). The RNEMD reproduces the experimental trend very well, however the simulated
values are systematically ≈ 3× 10−3K−1 lower than in the experiment. The same trend
was observed by Zhang et al [189] for benzene/cyclohexane mixture, they found that the
simulated Soret coefficient was 4× 10−3K−1 lower than in experiment. We also investi-
gated the influence of the exchange number on the Soret coefficient for the n-heptane mole
fraction of 0.25. Increasing the exchange number from 100 to 200 makes the temperature
gradient roughly two times smaller. For Nexch=200, xheptane = 0.25 and the same simula-
tion time we have found ST = −(1.25±0.15)×10−2K−1 which is roughly 29% lower than
ST = −(9.38± 0.88)× 10−3K−1 obtained for Nexch = 100. For the benzene/cyclohexane
mixture with a molar fraction xbenzene = 0.25 ST for Nexch = 200 had also been found to be
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Figure 5.3: The temperature and mole fraction profiles for n-heptane/benzene mixtures with
xn−heptane=0.25 (, ), 0.5 (◦, •) and 0.75 (4, N). The solid and open symbols refer to
9 slabs of the downward and upward branch in the simulation box. The error bars in the
temperature profile are smaller than the symbols, which is also reflected by the overlapping
points for the upward and downward branch. The maximum error bar in the concentration
profile does not exceed two symbols sizes.
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Figure 5.4: Comparison of the simulated Soret coefficients () of n-heptane in benzene with
the experimental values () (c.f. Chapter 4).
46% lower than for Nexch = 100 (Ref. 189).
We also checked the influence of the size of the rectangular simulation box (Lx = Ly =
Lz/3) on the Soret coefficient for equimolar n-heptane/benzene mixture. The obtained value
for 960 molecules in the simulation box and Nexch = 100 is (7.14± 0.4)× 10−3K−1 after
10.5 ns. This result is in perfect agreement with ST = (7.16±0.22)×10−3K−1 (c.f. Fig. 5.4)
obtained for 1500 molecules in simulation box and the same exchange number averaged over
13.7ns. Therefore, we can conclude that our simulation system is large enough.
All simulations for branched heptanes (3-MH, 2,3-MH and 2,4-DMP) in benzene were
performed for 960 molecules in the simulation box and with an exchange rate of Nexch=100.
Fig. 5.5 shows the temperature and mole fraction profiles for mixtures of the three branched
heptanes in benzene averaged over 10.5 ns.
Fig. 5.6 shows the calculated Soret coefficient in comparison with experimental data
(c.f. Chapter 4). The RNEMD reproduces experimental trend very well, however the sim-
ulated values are systematically ≈ 3× 10−3K−1 (≈ 25%) lower than in experiment. For
2,3-DMP/benzene system with the smallest Soret coefficient we performed a second, in-
dependent MD simulation with a simulation time of 4.5 ns. The magnitude of the ob-
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Figure 5.5: Temperature and mole fraction profiles for equimolar mixtures of 3-MH, 2,3-
DMP and 2,4-DMP in benzene.
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tained Soret coefficient ST = 3.2× 10−3K−1 agrees within the error bars with the value
ST = (3.04±0.2)×10−3K−1 obtained after 10.5 ns.
5.5 Discussion
In both experiment and simulation we found for equimolar mixtures of heptane isomers and
benzene that the magnitude of Soret coefficient decreases with increasing degree of branch-
ing. This result can be analyzed in terms of the work of Reith and Mu¨ller-Plathe [126].
Generally, there is no Soret effect in the mixture of absolutely equal components due to the
principle of symmetry. The Soret effect is basically the response of the system to the differ-
ence between two mixing partners. In their work, they considered binary equimolar mixtures
of Lennard Jones particles. The influence of the difference in mass, m, diameter, σ , and depth
of the interaction potential, ε on the Soret coefficient was investigated. They varied systemat-
ically the ratio of one of the parameters (e.g. m1/m2) while keeping the two other parameters
fixed and equal. By this procedure the obtained three additive contributions SmT , SσT and SεT of
the total Soret coefficient SLJT stemming from the difference in mass, diameter and interaction
strength, respectively
SLJT = SmT +SσT +SεT. (5.5)
Results indicate that heavier species, smaller species, and species with higher interaction
strengths tend to accumulate in the cold region The following empirical laws were obtained
by low order fits of the independent parameter variations
SmT =−0.7
(
m1
m2
)2
+9.5
(
m1
m2
)
−8.8 for m1
m2
≤ 8 (5.6)
SσT = 67.4
(
σ1
σ2
)2
−179.3
(
σ1
σ2
)
+111.9 for σ1
σ2
≤ 1.25 (5.7)
SεT = 4.4
(
ε1
ε2
)2
+3.5
(
ε1
ε2
)
−7.9 for ε1
ε2
≤ 1.75 (5.8)
Table 5.2 shows the mass, the size and the interaction contribution to the Soret coefficient.
The sum of these three values SLJT is compared with ST from simulations. The mass ratio of
heptanes to benzene (m1/m2 = 1.28) is obviously not sensitive to the degree of branching,
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Figure 5.6: Comparison of the simulated Soret coefficients () with the experimental values
() (c.f. Chapter 4) for equimolar mixtures of n-heptane and its isomers in benzene.
so that SmT > 0 is the same for all four mixtures. The size contribution SσT can also be con-
sidered the same as far as the density of the pure branched heptanes agree within 2 % with
the density of pure n-heptane (c.f. Tab. 5.1). Quantitatively, this contribution can be esti-
mated from the Van-der-Waals volumes VV dW of two mixing partners, considering σ1 σ−12
= (VVdW1 /VV dW2 )1/3. The Van-der-Waals volume of a molecule can be determined by atomic
increments [47]. The Van-der-Waals volume of benzene 48.4 cm3mol−1 is less than the
Van-der-Waals volume of n-heptane, 3-MH, 2,3-DMP, 2,4-DMP (78.49, 78.48, 78.47, 78.47
cm3mol−1) (Ref. [186]). It turns out, that the size contribution SσT is negative and not sensitive
to the degree of branching. The third term in Eq. 5.5 SεT can be estimated from the vapor-
ization enthalpies of the pure components, considering ε1 / ε2 = Hvap1 / H
vap
2 (c.f. Chapter
2). For calculation of SεT we used the vaporization enthalpies from the simulations (c.f. Tab.
5.1). Thus, the (constant) size contribution SσT < 0 dominates the (constant) mass contribution
SmT > 0 making ST negative. SLJT calculated in this way varies only because of the interaction
strength differences and it was found to be a decreasing function of degree of branching, what
contradicts to the trend, observed by simulation and experimentally. It is therefore clear that
a simple analysis which maps the complex molecules onto simple Lennard-Jones particles is
not sufficient. This is consistent with earlier results on benzene-alkane mixtures [189]. The
113
5. MIXTURES OF BRANCHED HEPTANE IN BENZENE: RNEMD SIMULATIONS
Table 5.2: The mass, the size and the interaction contributions to the Soret coefficient (10−3
K−1) calculated using Eq. 5.6, 5.7 and 5.8. The sum of these three contributions SLJT is
compared with simulation results SsimT .
mixture SmT SσT SεT SLJT SsimT
n-heptane/benzene 2.23 -5.72 0.11 -3.38 -7.14
3-MH/benzene 2.23 -5.72 -1.68 -5.17 -6.21
2,4-DMP/benzene 2.23 -5.72 -3.04 -6.53 -5.01
2,3-DMP/benzene 2.23 -5.72 -3.54 -7.03 -3.04
different nature of the benzene-benzene and alkane-alkane interactions due to the benzene
quadrupole moment could also contribute to the Soret coefficient. However, the quantitative
estimation of this contribution is difficult. The branching effect, probably, can be consid-
ered by taking into account the non - ideality of alkane/benzene mixtures caused by their
anisotropy in shape.
There is another way of interpreting the Soret effect in terms of simple molecular proper-
ties: the moments of inertia have been shown to make an important contribution to the Soret
effect for mixtures of cyclohexane and benzene isotopes [36]. Debuschewitz and Ko¨hler
found that the Soret coefficient could be written as a sum of three contributions:
ST = aMδM +bIδ I +S0T , (5.9)
where δM = (M1−M2)(M1 +M2)−1 and δ I = (I1− I2)(I1+ I2)−1 are the relative differences
of the masses (M1,M2) and moments of inertia (I1, I2) of the molecules, respectively. A further
investigation of the isotope effect [184] suggested that the absolute rather than the relative
differences between the masses and moments of inertia should enter the expression for the
Soret coefficient so that the difference terms in Eq. (5.9) are given by δM = M1 −M2 and
δ I = I1− I2. In the Chapter 4 we have calculated the moments of inertia about the symmetry
axis (Izz for the disk-like benzene molecules, Ixx for the n-heptane and five heptane isomers,
including 3-MH, 2,3-DMP and 2,4-DMP) using an atomistic model for single molecules in
vacuum [5]. It was found that the Soret coefficient correlates almost increasing linearly with
the moment of inertia Ixx in the direction of the main chain. Based on this observation one
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might conclude that the Soret coefficient is completely determined by the moment of inertia,
but simultaneously with the change of the moment of inertia (kinetic contribution) also the
anisometry (static contribution) of the molecule changes. The chemical contribution S0T (c.f.
Eq. 5.9) can be associated with the size (Eq. 5.7) and the interactions (Eq. 5.8) effects. Reith
and Mu¨ller-Plathe [126] have shown that it is possible to combine Eq. 5.7 and 5.8 into a single
one which involves the cohesive energy densities e = ε/σ3. In our case this parameter is not
sensitive to the mixture (c.f. Table 5.1), so that the chemical contribution S0T (c.f. Eq. 5.9)
turns out to be the same for all four equimolar heptane/benzene mixtures, if we consider
experimental evaporization enthalpies Hvapexp (c.f. Table 5.1).
The shape of the molecules influences their packing. The packing can be analyzed using
the radial distribution functions (RDF). Fig. 5.7A shows the centre-of-mass RDF for pure
n-heptane, 3-MH, 2,3-DMP, 2,4-DMP and benzene. The characteristic distance r at which
fluctuations in RDF disappear as well as the amplitude and the position of the first maximum
become larger with increasing branching and correlate with the magnitude of the Soret coef-
ficient (c.f. Fig. 5.6). For pure benzene the packing is even closer to the spherical packing
than for alkanes. The RDF, calculated between centers of mass of benzene and alkanes in
the equimolar alkane/benzene mixtures (c.f. Fig. 5.7B) shows the same trend as the center of
mass RDF, calculated for pure components (c.f. Fig. 5.7A). The packing efficiency can also
be analyzed in terms of the smallest distance between centers of masses of molecules, which
can be estimated from the integral of RDF (c.f. Fig. 5.8). The n-heptane-n-heptane distance
in the pure state and the n-heptane-benzene distance in the equimolar mixture are almost
equal to each other and less than the benzene-benzene distance in pure state. This means that
the benzene rings orient parallel to the n-heptane chains and do not disturb the packing of
n-heptane significantly. In the pure state benzene molecules arrange themselves in a T-shape
geometry [96] resulting in a larger distance between the centers of masses. The behavior of
the branched heptanes is different due to their increasingly globular shape. The alkane-alkane
distance in pure liquid and benzene-alkane distance in the mixture becomes larger with in-
creasing branching and correlates also with the magnitude of the Soret coefficient (c.f. Fig.
5.6).
The packing effect can influence the diffusion properties of the mixtures. For hep-
tane/benzene mixture the tracer diffusion coefficient of benzene is smaller than the tracer
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Figure 5.7: (A) Center of mass radial distribution function for pure components. (B) Center
of mass alkane-benzene radial distribution function for equimolar mixtures.
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Figure 5.8: Integral of the center of mass radial distribution function for pure components
and for equimolar mixture between benzene and alkanes.
117
5. MIXTURES OF BRANCHED HEPTANE IN BENZENE: RNEMD SIMULATIONS
diffusion coefficient of heptane for all investigated concentrations (c.f. Fig. 5.1 B). At the
same time their differences decrease with increasing concentration of heptane. This could be
due to the higher packing of benzene with heptane molecules in the heptane rich region.
5.6 Conclusion
We applied a equilibrium molecular dynamics and the reverse nonequilibrium molecular-
dynamic algorithm to calculate the mutual diffusion, tracer diffusion and Soret coefficients
in different alkane/benzene mixtures. In order to explore the concentration influence we
studied n-heptane/benzene mixture at different concentrations. Additionally, we looked into
the influence of the degree of branching by investigating equimolar mixtures of the branched
heptanes (3-MH, 2,3-DMP, 2,4-DMP ) in benzene. The simulated Soret and mutual diffusion
coefficients show the same trend as in experiment. However, the simulated values of ST values
are systematically ≈ 3×10−3K−1 lower than in the experiment. The observed decreasing of
the magnitude of ST for equimolar alkane/benzene mixtures with branching of the alkane can
not be explained by mass and size effects. Nevertheless we observe a linear increase of ST
with increasing moment of inertia, which could be purely to kinetic but also due to static
contributions due to simultanous change of the anisometry of the molecules. The effect of
the molecular shape, which affects the liquid structure, as well as kinetic properties of the
mixture, needs to be considered additionally. We have, however, not found a simple relation
to take branching or, more generally, molecular shape, into account.
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Systematic study of the thermal
diffusion in associated
mixtures
We performed systematic temperature and concentration dependent measure-
ments of the Soret coefficient in different associated binary mixtures of wa-
ter, deuterated water, dimethyl sulfoxide (DMSO), methanol, ethanol, acetone,
methanol, 1-propanol, 2-propanol, propionaldehyde using the so called thermal
diffusion forced Rayleigh scattering method. For some of the associating bi-
nary mixtures such as ethanol/water, acetone/water and DMSO/water the con-
centration x±w at which the Soret coefficient changes its sign does not depend
on temperature and is equal to the concentration x×w where the Soret coefficient
isotherms intersect. While for others such as 1-propanol/water, 2-propanol/water
and ethanol/DMSO the sign change concentration is temperature dependent,
which is the typical behavior observed for non-associating mixtures. For systems
with x±w = x×w we found that x±w depends linearly on the ratio of the vaporization
enthalpies of the pure components. Probably due to the similarity of methanol
and DMSO we do not observe a sign change for this mixture. The obtained re-
sults are related to structural changes in the fluid observed by nuclear magnetic
resonance, mass specrometric and X-ray experiments in the literature. Further-
more we discuss the influence of hydrophilic and hydrophobic interactions and
the solubility on thermal diffusion behavior. ∗
∗ The work described in this chapter is based on J. Chem. Phys. 128, 034505, 2008
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6.1 Introduction
Thermal diffusion describes the migration of molecules in a temperature gradient. For a
binary mixture in a temperature gradient ∇T , the enrichment of one component ∇x is char-
acterized by the Soret coefficient ST, as
ST =− 1
c(1− c)
|∇c|
|∇T | (6.1)
A positive Soret coefficient of the component with the weight fraction c implies that this
component moves to the cold region of the fluid.
The main practical applications are separation processes [145, 29] such as thermal field
flow fractionation of polymers and colloids or isotope separation, characterization of geo-
chemical processes [66, 30] and combustion [128]. Although the discovery of the effect
by Ludwig [89] dates back 150 years, even qualitative predictions for liquids, which are of
practical importance, are often difficult.
Even less than 20 years ago different experimental techniques such as thermo gravita-
tional columns, beam deflection, utilizing diffusion cell and thermal diffusion forced Rayleigh
scattering (TDFRS) gave different results for the simple organic mixture of toluene/n-hexane
[46, 75, 86]. Later the deviations could be resolved [188, 20] and additionally a benchmark
test has been initiated, to measure the Soret coefficient ST in simple organic mixtures by dif-
ferent experimental techniques [117]. In the recent years it was also demonstrated that the
TDFRS method gives reliable results for aqueous systems and compares well with other ex-
perimental techniques [78, 188, 45, 74]. But recent studies on a non-ionic surfactant by the
TDFRS technique showed, that the small amount of dye, which is added to convert light into
heat energy, can influence the thermal diffusion behavior of the surfactant system [110, 109].
Therefore special care needs to be taken for systems with complex phase behavior.
Conceptually, binary mixtures of simple molecules can be divided into three groups: mix-
ture of spherical molecules without specific interactions, mixtures of non-spherical molecules
without specific interactions and associated mixtures. In the first group of mixtures the com-
ponent with the larger mass or higher density moves to the cold side, and this effect be-
comes stronger if the components are less miscible [179, 126, 56] (c.f. Chapter 2). This
empirical observations still hold for some mixtures from the second group [179] such as ben-
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zene/carbon tetrachloride [40] and cyclohexane/carbon tetrachloride [159] while for systems
benzene/cyclohexane [183] and benzene/alkanes (c.f. Chapters 4 and 5) this approach fails.
In order to study the influence of molecular mass more systematically binary mixtures of
unpolar solvents with cyclohexane and its isotopes have been investigated [183]. It turned
out that the change in ST after isotopic substitution of cyclohexane, neither depends on con-
centration nor on the nature of the mixing partner. Only in the case of polar acetone ∆ST
is approximately 30% larger but still concentration independent. This investigation has also
been extended to a broader temperature range [185].
Associated mixtures often show a sign change of the Soret coefficient with concentration
[111, 69, 92] so that the direction of the thermal diffusion process is predominantly guided
by excess properties and not by the properties of the mixing partners like the difference in
mass or moment of inertia. Such behavior is expected from the non-ideality of such mix-
tures due to the hydrogen bond formation. On the other hand it was observed that the sign
change concentration correlates with the concentration at which the hydrogen bond network
breaks down [109] and the concentration dependence of the Soret coefficient in aqueous sys-
tems seems to be universal [180]. Therefore it might be possible to relate the sign change
concentration with properties of the pure components and the structure of the mixture.
In this chapter we study the thermal diffusion behavior of different binary mixtures of po-
lar molecules like water, dimethyl sulfoxide (DMSO), ethanol, acetone, methanol, 1-propanol,
2-propanol, propionaldehyde at different temperatures and concentrations. In order to inves-
tigate the mass effect normal water H2O was replaced by D2O. Particular attention has been
given to the sign change concentrations. We also looked at the influence of dye (basantol
yellow) on the Soret coefficient of ethanol/water mixtures under typical conditions of the
TDFRS experiments.
6.2 Experiment
6.2.1 Sample Preparation.
Methanol (99.8%), 1-propanol (99.9%), 2-propanol (99.9%), DMSO (99.7%), propionalde-
hyde (97%), deuterated water (99.96 atom % D) were purchased from Sigma-Aldrich and
ethanol (99.5%) was ordered from Laborchemie Handels-GmbH. We took deionized Milli-Q
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water. All chemicals were used without further purification. The mixtures were prepared as
follows: First a very small amount (roughly 10−6 wt %) of the dye basantol yellow [110],
was dissolved in the solvents. For each solution, the optical density was adjusted to 2 - 3
cm−1 at a wavelength of 488 nm. Samples for the TDFRS measurements were prepared just
before the measurement to avoid evaporation. The solutions were directly filtered into the
sample cells (Spartan, 0.45 µm). The temperature was controlled by a circulating water bath
with a temperature stability of ∆T =±0.01 K.
6.2.2 Refractive index increment measurements.
Refractive index increments with concentration (∂n/∂c)p,T at a constant pressure and tem-
perature were measured using an Abbe refractometer. The temperature derivatives of the
refractive index (∂n/∂T )p,c at a constant pressure and concentration were determined in a
temperature range T ± 3 ◦C using a Michelson interferometer [14].
6.2.3 TDFRS experiment and data analysis
The principle of the TDFRS method is described elsewhere in details [113]. An argon-ion
laser (λw=488 nm) is used for writing the temperature grating into the sample. The laser
beam is split into two writing beams of equal intensity by a beam splitter. An intensity
grating is created in the sample by the interference of two laser beams. A small amount of
dye in the sample converts the intensity grating into a temperature grating, which in turn
causes a concentration grating by the effect of thermal diffusion. Both gratings contribute to
a combined refractive index grating, which is read out by diffraction of a third laser beam
(λr=633 nm).
The intensity ζhet (t) of the heterodyne signal normalized to the thermal signal is related
to the Soret coefficient
ζhet (t) = 1−A
(
1− e−q2Dt
)
, (6.2)
with
A =
( ∂n
∂T
)−1
p,c
(∂n
∂c
)
p,T
c(1− c)ST
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where q is the grating vector, D is the mutual diffusion coefficient and A is the amplitude of
the concentration signal.
To determine the transport coefficients, Eq. 6.2 is fitted to the measured heterodyne signal
(c.f. Fig. 6.1a) using two contrast factors (∂n/∂c)p,T and (∂n/∂T )p,c which are measured
separately. The fit residuals are generally less than 1%, even for the mixture with the highest
dye content. However a small systematic trend can be observed, which is due to the dye
contribution as a third component to the concentration signal. Those systematic deviations
vanish, if one accounts for dye contribution by a two mode analysis [110, 109](c.f. Eq. 6.3).
Figure 6.1: (a) Typical normalized TDFRS signals for an ethanol/D2O mixture (xw = 0.954)
at different dye optical densities OD=9.8 cm−1 () and OD=2.4 cm−1 (l), respectively. (b)
The residual plot according to the one mode (Eq. 6.2, ) and the two mode analysis [109]
(Eq. 6.3, 2) for ethanol/D2O at a high dye content (OD=9.8 cm−1).
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ζhet (t) = 1−A f ast
(
1− e−q2D f ast t
)
−Aslow
(
1− e−q2Dslowt
) (6.3)
Now we want to study in more detail the influence of the added dye and the influence of the
laser intensity. Ideally the dye is inert, which means that there is no photo bleaching and no
dye contribution to the diffraction signal. In order to study the dye influence, we varied the
optical density between 2 cm−1 - 10 cm−1 and investigated the thermal diffusion behavior of
ethanol/D2O and ethanol/H2O mixtures with a water mole fraction of 0.697 and 0.954.
Fig. 6.1a shows the heterodyne signal for ethanol/D2O for two different optical densities.
The dependences of both amplitude and diffusion coefficient versus dye optical density for
ethanol/D2O (molar fraction of water xw = 0.954) are presented in Fig. 6.2, respectively. The
contribution of the dye as a third component becomes weaker with decreasing dye content
and disappears at low optical densities to the extend that a two mode analysis is no longer
possible.
The increasing amplitude with dye content could be either due to screened electrostatic
interactions by the charged dye molecules or due to convection problems, because the increas-
ing dye optical density leads also to a larger temperature gradient. In order to investigate the
role of convection we performed also laser intensity dependent measurements at constant dye
content (c.f. Fig. 6.3). Extrapolation of both amplitude and diffusion coefficient to zero dye
optical content (c.f. Fig. 6.2, AOD→0 = 0.431, DOD→0 = 7.07× 10−6cm2s−1 ) and to zero
laser intensity (c.f. Fig. 6.3, AOD→0 = 0.429, DOD→0 = 7.14× 10−6cm2s−1) agree within
0.5% and 1%, respectively. Therefore it is sufficient for the aqueous systems to perform in-
tensity dependent measurements at a low optical density around 2.5 and extrapolate to zero
laser intensity. At the same time, the quantitative estimation of each contribution, convection
and screening electrostatic interactions by dye molecules is difficult.
6.3 Results
We performed systematic measurements of the Soret coefficient in different associated mix-
tures at different temperatures as a function of concentration. Fig. 6.4 shows the Soret coef-
ficient for ethanol/water mixtures at different temperatures and concentrations. Figure 6.4a
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Figure 6.2: Careful check of the influence of the dye on the signal. Amplitude and diffusion
coefficient D of ethanol/D2O mixtures (xw = 0.954) as a function of the dye optical density.
Solid (n, l) and open (2) data points are obtained from the one (c.f. Eq. 6.2) and two mode
(c.f. Eq. 6.3) analysis, respectively. With a linear fit (solid line) the corresponding amplitude
and diffusion coefficient can be determined at OD=0.
Figure 6.3: Amplitude (n) and diffusion coefficient D (l) of ethanol/D2O mixtures at a
molar fraction of water xw = 0.954 as function of the laser intensity in front of the cell at
OD = 3.7 cm−1.
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shows the influence of the temperature and Fig. 6.4b the effect of the isotopic substitution of
H2O by D2O. A positive Soret coefficient indicates that the ethanol molecules tend to move to
the cold side. There are two characteristic points in Fig. 6.4a: the molar fraction of the solvent
xs at which ST changes its sign x±s = 0.142 and the concentration at which ST is not sensitive
to the temperature x×s = 0.142 in the investigated temperature range between T = 25◦C and
40◦C. In contrast to non-associated mixtures [185] both concentrations are the same for this
aqueous mixture. The isotopic shift of ∆ST = 0.85× 10−3K−1 (Fig. 6.4b) does not depend on
the concentration which is in agreement with the results for non-associated mixtures [183].
The data for DMSO/water are presented in Fig. 6.5 in the same way as for ethanol/water.
Fig. 6.5a shows the temperature influence and Fig. 6.5b the effect of isotopic substitution. A
positive Soret coefficient for DMSO in water implies that DMSO molecules accumulate at
the cold side. The sign change concentration is also for this mixture not sensitive to the tem-
perature (x×s = x±s = 0.195) and the isotopic shift of ∆ST = 0.42 × 10−3K−1 is independent
of concentration. Compared to the system ethanol/water the sign change concentration x±s =
0.219 for DMSO/water is higher. On the other hand the isotopic shift ∆ST is larger for the
system ethanol/water compared to DMSO/water.
The Soret coefficient for 1-propanol/water at different temperatures and concentrations
is plotted in Fig. 6.6. Also 1-propanol moves at low solvent content to the cold side, which
is indicated by a positive Soret coefficient. In contrast to the systems ethanol/water and
DMSO/water the sign change concentration depends on temperature and is equal to x±s =
0.078 and 0.108 for 25 and 40◦C, respectively. For the investigated temperatures the inter-
section concentration of x×s = 0.064 is lower than x±s .
Fig. 6.7 shows the Soret coefficient for methanol/DMSO and ethanol/DMSO at differ-
ent concentrations and temperatures. The system methanol/DMSO does not show a sign
change, while for the system ethanol/DMSO a sign change occurs at about x±DMSO = 0.4
and 0.45 at 25 and 40◦C, respectively. For this system the sign change concentration varies
with temperature. With increasing temperature the magnitude of ST for methanol/DMSO
mixture decreases for all concentrations by the same amount of ∆ST ' 0.5× 10−3K−1. For
ethanol/DMSO the temperature effect depends on the concentration and an intersection point
can be observed in ethanol rich region, while the system methanol/DMSO does not have an
intersection point at all.
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Figure 6.4: (a) Soret coefficient ST of ethanol/H2O mixtures at three different temperatures
22.5◦C (), 32.5◦C (l) and 42.5◦C (s). The open symbols are data from Kolodner et. al
[78] at 20 (2) and 40◦C (4). (b) Soret coefficient ST of ethanol/H2O (3) and ethanol/D2O
() mixtures at 22.5 ◦C.
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Figure 6.5: (a) Soret coefficient ST of DMSO/D2O mixtures at 25◦C () and 45◦C (s). (b)
Soret coefficient ST of DMSO/H2O [111] (2) and DMSO/D2O (l) mixtures at the tempera-
ture of 25 ◦C. The error bars do not exceed the symbol size.
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Figure 6.6: Soret coefficient ST of 1-propanol/water mixture at 25◦C () and 40◦C (s).
Figure 6.7: Soret coefficient ST of ethanol/DMSO (2, ©) and methanol/DMSO (n, l) mix-
tures at different concentrations at 25◦C (2, n) and 40◦C (©, l).
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6.4 Discussion
Figures 6.4a, 6.5a and 6.6 show the Soret coefficients for ethanol/H2O, DMSO/D2O and 1-
propanol/H2O mixtures at different concentrations and temperatures. For ethanol/H2O and
DMSO/D2O mixtures x×= x± in the investigated temperature range, while for 1-propanol/H2O
x× 6= x±. In the following we discuss the characteristic points of the thermal diffusion behav-
ior and relate them with the properties of the pure components and the mixture.
6.4.1 The effect of temperature
The observed independence of the sign change concentration on temperature for DMSO/water
mixture is supported by a recent NMR study. Mizuno et al. [97] measured the chemical shift
of water hydrogen δH2O, which is related to polarization of water molecules, in dependence
of concentration and temperature. In the investigated temperature range between 1 - 48.5◦C
the chemical shift for pure water is reached around xw ≈ 0.8. Then the chemical shift slightly
overshoots the water value indicating that DMSO stabilizes the water structure. Therefore the
stabilized hydrogen bond network forms temperature independent between xw ≈ 0.8 and 1.0,
suggesting x× = x± in the investigated temperature range. Also for the system acetone/water
a stronger polarization of the water molecules in the vicinity of acetone has been observed at
high water content xw > 0.96 [98]. So the polarization effect occurs at higher water content
compared to DMSO/water, but it shows in the investigated temperature range no temperature
dependence. The thermal diffusion behavior of those two systems follows a similar trend
with respect to temperature, whereas the water content at the sign change concentration is
higher for acetone/water than for DMSO/water.
Takamuku et al. [162] investigated aqueous solutions at low temperatures by X-ray scat-
tering. They found, that for methanol/water mixture the composition of the dominant clusters
formed at 25◦C does not significantly change when the temperature is lowered. In contrast, 2-
propanol/water shows a stronger temperature dependence. For 2-propanol the chain clusters
are enhanced in the mixture when the temperature is lowered. This might be an indication
why for systems with stronger hydrophobic interactions the sign change concentration of the
Soret coefficient can be temperature dependent.
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6.4.2 Relation between the thermal diffusion motion and a struc-
tural change in the fluid
At high water content for all aqueous systems studied so far water accumulates at the warm
side. In many cases the Soret coefficient changes its sign at a certain solvent concentration x±s .
For the systems regarded here we observe the following sequence x±s = 0.08,0.095,0.11,0.14,>
0.18 and 0.195 for 1-propanol, 2-propanol, acetone, ethanol, methanol and DMSO in water.
In the case of methanol/water the sign change concentration could not be determined pre-
cisely from the literature data [164] and also TDFRS measurements were not possible in the
entire concentration range due to the low refractive index contrast between methanol and
water. Therefore, we estimated the highest concentration of methanol, below which no sign
change occurs by measuring diluted aqueous solutions.
It is intuitive to relate the sign change concentration with structural changes in the fluid
mixture. There are numerous nuclear magnetic resonance (NMR) [97], mass spectrometry
[154], dielectric spectroscopy [143] and x-ray scattering [161] studies, which investigate the
change from the tetrahedral structure of water to other structures such as chain-like conforma-
tions with increasing solvent concentration. Takamuku et al. [161] investigated alcohol/water
solutions by X-ray scattering and found that the structure changes with increasing alcohol
concentration in the order of n-propyl ≈ iso-propyl > ethyl > methyl at alcohol mole frac-
tions of 0.1, 0.1, 0.2, and 0.3, respectively. Additionally, the same concentrations correspond
to the minima of the enthalpies of mixing of the alcohol/water mixtures, which is explained by
a compensation of an enthalpic gain due to alcohol/water hydrogen bonding with an enthalpic
loss due to a breaking of the tetrahedral water structure with increasing alcohol concentra-
tion. Thus, the larger the hydrophobic group, the more rapidly the tetrahedral-like structure
of water is disturbed with increasing alcohol concentration. We observed the same tendency
for the sign change concentrations for aqueous mixtures of 1-propanol, 2-propanol, ethanol
and methanol. The small difference in the thermal diffusion behavior between 1-propanol
and 2-propanol might be explained by the observation, that the minimum of the excess en-
thalpy for 1-propanol/water mixture is shifted more towards the water rich region compared
to 2-propanol/water mixture [143], which suggests that the water structure is more effectively
disrupted by 1-propanol. The structural changes in DMSO/water mixtures have been inves-
tigated by Shin et al. [154] by mass spectrometry. They observed that the water clusters
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disappear between xs = 0.19 and 0.25, which is the concentration range, in which the Soret
coefficient changes it’s sign. The structural change is also supported by the NMR-study by
Mizuno et al. [97] which has been discussed in Sec. 6.4.1. They found that the chemical
shift of methyl hydrogen decreased below a xw = 0.8 indicating a disruption of the tetrahe-
dral water structure. This supports our hypothesis that the direction of the thermal diffusion
is correlated with the fluid structure – indicated by the formation of water clusters – on a
microscopic level.
6.4.3 The effect of solubility
The absolute value of the Soret coefficient was previously connected with the solubility pa-
rameter (c.f. Chapter 2). Mutually soluble components become undistinguishable, so that
the Soret coefficient of such mixtures is equal to zero. Consequently, the Soret coefficient
should increase with decreasing solubility. Generally, the solubility is determined by the
Gibbs mixing energy (∆GM = ∆HM −T∆SM). With increasing temperature enthalpy (∆HM)
and entropy (−T∆SM) contributions to the Gibbs energy act in the opposite way (as far as
both ∆HM and ∆SM become larger due to weaker hydrogen bonding and less ordering in the
system, respectively). For ethanol/water and DMSO/water mixtures the increasing tempera-
ture leads probably to an increasing solubility [15], which decreases the absolute values of the
Soret coefficient in the whole concentration range (c.f. Fig. 6.4a, 6.5a). This is not the case
for water propanol mixtures (c.f. Fig. 6.6). The additional contribution in enthalpy/entropy
competition due to the enhancement of propanol clusters [161] could be responsible for the
observed behavior (c.f. Fig. 6.6).
6.4.4 The effect of hydrophilic interactions
As we already mentioned the sign change concentration can be attributed to the stability of
water clusters. At the same time, the stability of water clusters is determined by the hy-
drophilic (dipole moment) and hydrophobic (number of carbon atoms in hydrophobic part)
parts of the solute molecules. In order to study the effect of hydrophilic interactions we con-
sider aqueous mixtures of solvents with the same hydrophobic part (two carbon atoms). In
the case of acetone and propionaldehhyde the third carbon is polarized by the double bond
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with the oxygen and not counted. With the assumption that the intermolecular interactions
can be characterized by the enthalpy of vaporization, the stability of water clusters can be
determined by the ratio of vaporization enthalpy of the solvent and water. The ratio of the
vaporization enthalpies can also be attributed to the ratio of pure interaction parameters of
a Lennard-Jones (LJ) mixture (e.g. ψ = Hvap2 /Hvap1 = ε22/ε11) (c.f. Chapter 2). Artola et
al. [9] investigated the concentration dependence of the Soret coefficient for binary LJ mix-
tures of particles with the same masses and sizes but different strength of direct ψ = ε22/ε11
and cross interaction energies k12 = ε12
√
(ε22/ε11), respectively. The slope of the compo-
sition dependence ST(x) is controlled by the value of k12. This corresponds with a variation
of the temperature (c.f. Fig. 6.4a and 6.5a). In contrast ψ , which is equivalent to the ratio
of vaporization enthalpies, has almost no effect on the slope, but it shifts the Soret coeffi-
cient as mass and inertia changes do. The latter was already noticed by Ko¨hler et al. [36].
In Fig. 6.8 the sign change concentration is plotted versus the ratio of the vaporization en-
thalpies Hvapors /Hvaporw of the pure components, which is equivalent to the ψ parameter. Data
for aqueous solutions of solutes with a similar hydrophobic part (propionaldehyde, acetone,
DMSO, ethanol) follow the straight line, which indicates for those systems the importance
of hydrophilic interaction rather than effect of mass or moment of inertia. The isotopic sub-
stitution of water decrease x±s , but the roughly 10% larger vaporization energy for heavy
water compensates this effect so that also those systems follow the line. At the same time
decreasing (or increasing) the hydrophobic part of the solute increases in case of methanol (or
decrease in case of propanol) the concentration at which the sign change occurs. A similar
trend has been observed for the break down of the hydrogen bond network [161]. Addition-
ally, our measurements suggest that for all systems on the line the sign change concentration
is temperature independent, x±s = x×.
6.4.5 Effects in alcoholic mixtures with DMSO
The system methanol/DMSO stands out from the other systems because it has neither an in-
tersection point nor a point when the Soret coefficient changes its sign. In a recent molecular
dynamic simulation by Vechi and Skaf [170] it was shown that the structure formation in
methanol/DMSO mixtures is not markedly altered by changing the concentration. This is an
indication that DMSO and methanol are quite similar and compatible, which might also be the
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Figure 6.8: Sign change concentration x±s plotted versus the ratio of the vaporization en-
thalpies of the pure components. For aqueous systems where the solvent has two carbons (u,
3) x±s increases linearly with the ratio Hvapors /Hvaporw , while solvents with three carbon atoms
(l) do not follow the line. Some data for DMSO/H2O (3) and acetone/H2O (3) have been
taken from the literature [111].
reason that the sign of the Soret coefficient does not change in dependence of concentration.
The stability of DMSO clusters influences the thermal diffusion behavior of both mix-
tures. The absence of the sign change for methanol/DMSO mixtures means better misci-
bility of methanol (no DMSO cluster) in comparison with ethanol (DMSO clusters form)
in DMSO. Unfortunately, we did not find a value for the Gibbs energy of mixing, but the
enthalpic contribution is negative for methanol/DMSO and positive for ethanol/DMSO mix-
tures [134], which indicates a better solubility of methanol in DMSO. The difference between
the systems methanol/DMSO and ethanol/ DMSO mixtures lies in their different hydrophilic
groups. As stated already methanol is very similar to DMSO and the fluid structure does not
depend on the mixing ratio. The similarity of the two substances is also reflected by the sim-
ilar hydrogen bonding parameters of DMSO and methanol, which are almost twice as large
as the one for ethanol [12]. Therefore it is likely that ethanol will introduce a different fluid
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structure due to the larger hydrophobic group which leads then to a sign change of the Soret
coefficient.
6.5 Conclusion
We studied systematically the thermal diffusion behavior of associated and highly polar mix-
tures. Many of those mixtures show a sign change of ST with concentration. In the case of
aqueous mixtures the sign changes occurs at high water content between x±w = 0.8−0.92. For
many systems this concentration can be related with a structural change from a tetrahedral to a
chain-like order. Another characteristic point of the investigated systems is the concentration
x×w at which the Soret coefficient does not depend on temperature in the investigated range.
While for non-associating mixtures ST(x×w ) 6= 0 the Soret coefficient vanishes often for asso-
ciating mixtures (ST(x×w ) 6= 0 ). For those systems with x±w = x×w we found that x±w depends
linearly on the ratio of the vaporization enthalpies of the pure components. Additionally the
hydrophobic part of those systems consists of two carbon atoms.
We also investigated two polar but non-aqueous mixtures: methanol/DMSO and ethanol/
DMSO. The system methanol/DMSO does neither show a sign change nor an intersec-
tion point of the isotherms, which might be due to the similarity of methanol and DMSO.
Ethanol/DMSO behaves like a typical non-associating mixture with x±w 6= x×w . To reveal fur-
ther the microscopic mechanism of the thermal diffusion process molecular dynamic studies
need to be performed.
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7 Investigation of the Soret effectby the thermal lens technique
In this chapter we investigate the thermal diffusion behavior of three different
binary mixtures with a thermal lens (TL) setup. In the setup used in this study
we avoid the addition of a dye for systems, such as aqueous mixtures, with a
weak absorption band at a wavelength of 980 nm. In some aqueous systems with
a complex phase behavior the addition of dye significantly affects the apparent
measured thermal diffusion properties. The studied systems are dimethylsulfox-
ide (DMSO) in water, the ionic liquid 1-ethyl-3-methylimidazolium ethylsulfate
(EMIES) in butanol and a non-ionic surfactant hexaethylene glycol monodode-
cyl ether (C12E6) in water. The Soret coefficients of the selected systems cover a
range of two orders of magnitude. For DMSO in water with a very low Soret
coefficient of the order of ST ∼ 10−3K−1 we find for a low DMSO content
(c = 0.33) a reasonable agreement with previous measurements, while the weak
thermal lens signal for the DMSO-rich mixture (c = 0.87) leads to 20% too large
Soret coefficients with an uncertainty of more than 30%. Secondly we studied
a liquid salt 1-ethyl-3-methylimidazolium ethylsulfate (EMIES) in butanol with
a roughly ten times higher Soret coefficient of ST∼ 10−2K−1. For this system
we performed additional measurements with another experimental technique, the
classical thermal diffusion forced Rayleigh scattering (TDFRS), which requires
the addition of a small amount of dye to increase the absorption. In the entire
investigated concentration range the results obtained with the TL and classical
TDFRS technique agree within the error bars. As a third system we studied a
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non-ionic surfactant hexaethylene glycol monododecyl ether (C12E6) in water
with a Soret coefficient of the order of ST ∼ 10−1K−1. For this system we find
good agreement with previous measurements. We conclude that the TL tech-
nique is a reliable method for systems with a strong optical contrast and fairly
large Soret coefficient of the order of ST ∼ 10−2K−1. ∗
7.1 Introduction
Thermal diffusion describes the migration of molecules in a temperature gradient. As a result
of this process a concentration gradient builds up. In the steady state when the mass flux
vanishes, the concentration gradient is given by
∇c =−STc(1− c)∇T, (7.1)
where ST = DT/D is the Soret coefficient, DT is the thermal diffusion coefficient, D is the
translational diffusion coefficient, c is the weight fraction. A positive Soret coefficient of the
component with the weight fraction c implies that this component moves to the cold region.
The main practical applications are separation processes [145, 29] such as thermal field
flow fractionation of polymers and colloids or isotope separation, characterization of geo-
chemical processes [66, 30] and combustion [128].
Even less than 20 years ago, different experimental techniques such as thermo gravita-
tional columns, beam deflection, diffusion cells and thermal diffusion forced Rayleigh scat-
tering (TDFRS) gave different results for simple organic mixture such as toluene/n-hexane
[46, 75, 86]. The reason for the deviations are manifold, like technical imperfections and the
presence of convection. Therefore, a benchmark test has been initiated, to measure thermal
diffusion properties of simple organic mixtures by different experimental techniques [117].
The principle of the classical TDFRS method is as follows: a grating created by the in-
terference of two laser beams is written into a sample. Except for the recently developed
IR-TDFRS [? ], a small amount of dye present in the sample converts the intensity grating
into a temperature grating which in turn causes a concentration grating by thermal diffusion.
Both gratings, temperature and concentration, contribute to a refractive index grating, which
∗ The work described in this chapter is accepted for publication in Phys. Chem. Chem. Phys.
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refracts a third laser beam. The time dependence of the diffracted signal intensity is ana-
lyzed and gives the diffusion coefficient D, the thermal diffusion coefficient DT and the Soret
coefficient ST . In the benchmark test it was demonstrated that the classical TDFRS method
gives reliable results for organic mixtures and also the data obtained for simple aqueous
systems compare well with other experimental techniques [78, 188, 45, 74]. However, re-
cent studies on the surfactant hexaethylene glycol monododecyl ether (C12E6) in water with
the classical TDFRS showed, that the small amount of dye added to create a temperature
grating, leads to an unexpected second mode in the concentration part of the classical TD-
FRS signal[110, 109]. The thermal lens (TL) technique is another powerful method which
can be used to study the Soret effect in liquid mixtures, ferrofluids and micellar solutions
[7, 6, 137, 142]. The basic principle of the TL experiment is that a focused laser beam causes
local heating in a sample, which leads in a mixture first to a thermal lens (local refractive
index change due to temperature variations) and then to a Soret lens (local refractive index
change due to concentration variations). In some of the experiments [142] a small amount of
dye is added to achieve a sufficient heating by the laser beam others use a weak absorption
band of water in the infrared [137]. First, Gordon et al.[62] observed the thermal lens effect in
a liquid placed within the resonator of a helium-neon laser. Later, Giglio and Verdramini [59]
noticed that the thermal lens in a binary mixture was noticeably larger than in pure compo-
nents. The first careful theoretical analysis of the TL effect was done by Norman et al. [112]
and Carter et al. [25]. The thermal lens method has been used to study the sign of the Soret
coefficient of ferrofluids [7] and to measure ST for ferrofluids[6] as well as for ionic surfactant
systems [137] and Ludox particles in water[137]. The Soret coefficient for Ludox particles
in water is only for small Debye lengths consistent with results from classical TDFRS, while
for larger Debye lengths ST determined by TL experiments is significantly larger than in the
classical TDFRS [108]. The obtained Soret coefficient for maghemite nanograins coated
with negatively charged citrate ions and dispersed in water (ferrofluids) agreed to some ex-
tent with measurements obtained by a transient grating technique (deviations are of the order
of 20%) [6]. In contrast, Voit [172] measured 40% smaller Soret coefficient for benchmark
n-dodecane/1,2,3,4 tetrahydronaphtalene mixture. This disagreement can be explained by
convection, which results in better mixing, making the Soret coefficient smaller.
In many points the TDFRS and TL setups are comparable. Both techniques are optical
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methods, which rely on the refractive index contrast of the mixture, and, except for a few
special cases [34], both methods are limited to binary mixtures. In the TDFRS experiments
two lasers are needed with a coherence length of the order of a few centimeters to produce a
holographic grating in the sample and to allow for heterodyne signal detection. Additionally,
the wavelengths of the two lasers need to be so far apart that the sample absorbs the light at
one wavelength, while the sample has to be transparent for the other wavelength. The use
of two different wavelengths makes it also more difficult to change the wavelength of the
writing beam. In the TL experiment the laser needs to have a stable Gaussian profile with a
good stability. The grating vector q is well defined in the TDFRS experiment which enables a
detailed analysis of polydisperse systems [76]. In total the equipment requirements and costs
are higher for TDFRS than for the TL. In general the equilibration times for the TL is 30-
times higher than for TDFRS, which makes the TDFRS more suitable for very slow diffusing
particles. The weakest point of the TL setup is its sensitivity to convection which can be a
problem for slow diffusing systems and systems with a low optical contrast. In the first case
convection often sets in before equilibrium is reached. In the latter case a thicker sample
cell would be used to increase the contrast, which however leads to enhanced convective
flow. Due to the small dimension in the TDFRS experiments convection, is usually not a
problem. To check for the occurence of convection TDFRS experiments are often repeated at
different powers of the writing beam and the coefficients are extrapolated to a power of zero.
Nevertheless, for many systems with a good signal to noise ratio, the TL method is a compact
and robust method to measure the thermal diffusion properties of liquid mixtures, polymer
solutions and dispersions of small colloidal particles with a radius below 100 nm.
The goal of this paper is to validate the thermal lens technique as a method to measure
thermal diffusion properties. The database for reliable Soret coefficients and thermal diffu-
sion coefficients is still very small. As mentioned before the only benchmark test has been
performed for organic mixtures [117]. The best studied aqueous system is ethanol/water
[78, 188, 45, 74], but the refractive index of ethanol (n = 1.359) is very close to that of water
(n = 1.333), so that we expected that it would be difficult or impossible to measure this sys-
tem with the thermal lens setup. Therefore, we chose dimethylsulfoxide (DMSO), which has
a higher refractive index (n = 1.479) and it has also been measured before. During the experi-
ments it turned out that the strength of the signal was not sufficient in the entire concentration
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range. We looked for a simple system with a larger Soret coefficient and chose the ionic
liquid 1-ethyl-3-methylimidazolium ethylsulfate (EMIES). It was found that EMIES decom-
poses in the presence of water to form 1-ethyl-3-methylimidazolium hydrogen sulfate and
ethanol under ambient conditions [51], so that we used instead of water butanol as solvent,
which shows a sufficient absorption in the near infrared. To our best knowledge is the first
time that a ionic liquid mixtures has been investigated. As a complex and interesting system
we finally investigated the non-ionic surfactant system C12E6 in water, which also has been
investigated before by classical TDFRS [109] and was one of our motivations to build this
set-up and the IR-TDFRS [107]. For these three types of mixtures the Soret coefficient ST
differs by orders of magnitudes (10−3, 10−2 and 10−1 K−1, respectively). All three systems
show a sufficient absorption at λ = 980 nm, so that we do not need to add a dye in the TL
experiment. The obtained results for DMSO/water and C12E6 in water were compared with
recent measurements obtained with the classical TDFRS, which needs a small amount of dye
to assure a sufficient absorption of the wavelength of the writing beam [111]. In the case of
the ionic liquid we performed additional measurements with classical TDFRS, because for
this system no literature data are available. The previous measurement for the non-ionic sur-
factant system with the classical TDFRS showed that the addition of the dye causes changes
in the measured thermal diffusion behavior [109]. We compare the TL measurements with
recent measurements using IR-TDFRS [107], which works also without dye if the system
shows sufficient absorption at λ = 980 nm.
7.2 Experiment and working equations
7.2.1 Sample Preparation.
Hexaethylene glycol monodecyl ether (C12E6; ≥ 98%) was ordered from Nikkol Chemi-
cals (Tokyo). Butanol (99.5%), dimethylsulfoxide (DMSO; 99.7%) were purchased from
Sigma-Aldrich and 1-ethyl-3-methylimidazolium ethylsulfate (EMIES; 99%) was ordered
from Solvent Innovation GMBH. We took deionized water Milli-Q. All chemicals were used
without further purification. The aqueous solutions of DMSO were prepared without dye.
The EMIES/butanol mixtures for classical TDFRS contain a small amount (roughly 10−6 wt
%) of the dye quinizarin (Aldrich). The amount of the dye corresponds to an optical density
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of 1 cm−1 at a wavelength λ = 488 nm, while in the TL experiments no dye was used. The
aqueous solutions of the non-ionic surfactant C12E6 were investigated by the TL method with
and without dye. In this case we used the water soluble dye basantol yellow. After the non-
ionic surfactant C12E6 had been added to the water the solution was stirred at least for four
hours at room temperature.
7.2.2 Refractive index increment measurements.
Refractive indices were determined using an Abbe refractometer. The refractive index incre-
ment (∂n/∂c)p,T at constant pressure and temperature was determined from the derivative
of a second order polynomial fit of refractive index data. The temperature derivatives of the
refractive index (∂n/∂T )p,c at a constant pressure and concentration were determined in a
temperature range T ± 3 ◦C using a Michelson interferometer [14]. The refractive index in-
crements for the binary mixture of DMSO/water and the surfactant solution of C12E6/water
were taken from Ning et al. [111, 109].
7.2.3 TDFRS experiment and data analysis
The classical TDFRS and the IR-TDFRS experiment are described elsewhere in detail [109?
]. An argon-ion laser (λw=488 nm) or infrared laser (λw=980 nm) are used for writing a
grating. The laser beam is splitted into two writing beams of equal intensity by a beam
splitter. An intensity grating is created in the sample by the interference of these two laser
beams. In a classical TDFRS experiments a small amount of dye in the sample converts
the intensity grating into a temperature grating. While in the IR-TDFRS the absorption at
λw=980 nm is utilized to convert the light grating into a temperature grating, which in turn
causes a concentration grating by the effect of thermal diffusion. Both gratings contribute to
a combined refractive index grating, which is read out by diffraction of a third laser beam
(λr=633 nm).
The heterodyne signal intensity ζhet (t), normalized to the thermal signal, is related to the
Soret coefficient as follows
ζhet (t) = 1−A
(
1− e−q2Dt
)
(7.2)
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Figure 7.1: Typical normalized classical TDFRS signals of EMIES/butanol mixtures in a cell
with l = 0.2 mm for three different weight fractions c of the ionic liquid EMIES at 30◦C.
Solid symbols show the experimental results, lines are the fitted curves according to Eq. 7.2.
with
A =
( ∂n
∂T
)−1
p,c
(∂n
∂c
)
p,T
c(1− c)ST
where q is the grating vector, D is the translational diffusion coefficient and A is the amplitude
of the concentration signal.
To determine transport coefficients, Eq. 7.2 is fitted to the measured heterodyne sig-
nal taking into account the deficiencies of the Pockels cell by an iterative correction al-
gorithm [109] and the two contrast factors (∂n/∂c)p,T and (∂n/∂T )p,c, which are mea-
sured separately. Figure 7.1 shows a typical diffraction signal for the ionic liquid mixture
EMIES/butanol. For all three concentrations we observe a negative concentration plateau
indicating that the ionic liquids EMIES accumulates in the warm region.
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7.2.4 Thermal lens experiment and data analysis
Thermal lens effect
The principle of the TL method is described elsewhere in details [25, 137]. The TL setup
is sketched in Fig. 7.2. The mechanical shutter between the first and the second lens is
used for ”switching” the laser beam. The focused Gaussian laser beam illuminates a weakly
absorbing sample, generating a temperature gradient within a characteristic time τth. Later
a concentration gradient within a characteristic time τSoret >> τth is induced by the Soret
effect. The characteristic times τth and τSoret can be calculated using
τth =
ω2
4Dth
; τSoret =
ω2
4D ; (7.3)
where ω is the beam size at the cell position, Dth and D are the thermal diffusivity and the
translational diffusion coefficient, respectively. The thermal and Soret lenses are formed due
to the dependence of the sample refractive index on temperature and concentration, respec-
tively. The resulting time dependence of the beam center intensity can be used in order to
estimate the thermal conductivity κ = ρcpDth and the Soret coefficient ST. Here, ρ and cp re-
fer to the density and the heat capacity at constant pressure, respectively. In order to measure
the intensity in the center of the beam, we place a detector with pinhole at a large distance
(dsd = 130 cm) from the sample cell.
Working equations
In the following section we present the working equations to describe the TL effect. In a
binary mixture the thermal lens is created in two steps. First the thermal lens is formed, which
is characterized by the time constant τth and the strength of the thermal lens θth. Secondly the
Soret lens or concentration lens is formed, which is described with an analog formalism. The
relevant parameters are the characteristic time constant τSoret and the strength of the Soret
lens θSoret .
The thermal lens is induced by a Gaussian beam with a power P and a wavelength λ in a
sample with absorbtion coefficient b and thermal diffusivity Dth. The full expression for the
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1st lens
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Figure 7.2: Schematic drawing of the TL setup in an upright configuration.
position and time dependence of the beam center intensity response is given by
I(t) = I(0)(1+ f (θth,γ,τth,t)); (7.4)
with f (θth,γ,τth,t) = A(γ,τth,t)θth +B(γ,τth,t)θ 2th
The parameter θth characterizes the strength of the thermal lens in the sample and is given by
θth =−0.52Pbl
κλ
∂n
∂T , (7.5)
where l is the cell thickness, κ is the thermal conductivity of the sample. The dimensionless
parameter γ =4z z−1R is the distance from the cell to the beam waist with ω = ω0 rescaled to
the Rayleigh range zR, which is the distance between the beam waist and the point with beam
radius ω =
√
2ω0. The coefficients A and B are equal to,
A(γ,τth,t) =−atan
[
2γ
3+ γ2 +(9+ γ2)τth/2t
]
(7.6)
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Figure 7.3: Typical TL signals: (a) pure water at 22◦C in a cell with l = 5 mm; (b) DMSO (c=
0.33wt%) in water (c = 0.67wt%) at 25◦C in a cell with l = 1 mm; (c) C12E6(c = 0.1wt%) in
water (c = 0.9wt%) at 30◦C cell 0.2mm; (d) C12E6 (c = 0.05wt%) in water (c = 0.95wt%) at
30◦C in a cell with l = 0.2 mm. Solid symbols show the experimental results, lines correspond
to the fit using Eq. 7.4 (pure TL effect in case (a)) or with taking into account additional term
for describing the Soret effect (c.f. Sec. 7.2.4).
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B(γ,τth,t) =
A2
4
+
(
1
4
ln
[
[(2+ τth/t)(3+ γ2)+6τth/t]2 +16γ2
(9+ γ2)(2+ τth/t)2
])2
(7.7)
In order to take into account the Soret effect the additional term
f (θSoret ,γ,τSoret ,t) = A(γ,τSoret ,t)θSoret +B(γ,τSoret ,t)θ 2Soret (7.8)
needs to be added to Eq. 7.4. The Soret coefficient ST for binary mixture with concentration
c and the refractive index derivatives (∂n/∂T ),(∂n/∂c) can be obtained from the ratio of the
strength of the Soret lens θSoret and the strength of the thermal lens θth in the sample
ST =−θSoretθth
∂n/∂T
∂n/∂c c
−1(1− c)−1; (7.9)
There are two ways to analyze the experimental data. Typically we fixed the distance
between the cell and the beam waist and recorded the time dependence of the intensity I(t),
which can be analyzed according to Eq. 7.4. Another way to analyze the data is by calculating
the expression (I(0)− I(t = ∞))/I(t = ∞) with the intial intensity I(0) and the intensity at
infinite times I(t = ∞) at different positions. The final expression of this so-called z-scan
method can also be derived from Eq. 7.4. Both appraoches can be found in the literature
[6, 137] and they should give the same results. Finally the thermal conductivity κ and the
Soret coefficient ST can be calculated according to Eq. 7.5 or 7.9, respectively.
Thermal lens setup
The schematic diagram of the experimental setup is shown in Fig. 7.2. In order to decrease
convection effects our setup has been constructed with an upright optical axis. We have used
an infrared laser (λ = 980nm) with a maximum output power of P = 50 mW. The laser was
connected with the setup via a monomode fiber. We used a mechanical shutter between the
first and the second lens for ”switching” the laser beam. The third lens (focal length 100mm)
focuses the parallel beam into the sample cell. For all positions along the optical path the
cell is mounted perpendicular to the beam. In order to measure the intensity in the center of
the beam we place a pinhole with a diameter of 4 mm in front of the photodiode, which was
placed at a distance of dsd = 130 cm from the sample cell.
The process of alignment consists of four steps. First, the xy-position as well as the angle
of the laser beam were adjusted using a CCD camera (Coherent Lasercam HR), which records
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the laser profile. The pinhole was moved along the optical path, while the position of the
beam center was monitored by the CCD camera at the same postion, where the photodiode is
mounted during the measurement. Secondly, the position of the photodiode with the pinhole
has to be adjusted using an infrared viewer. The third step is the optimization of the xy-
position of each lens, which is done by analyzing the laser profile behind a pinhole, which
is placed in the focus of the lens. The same procedure is repeated for each lens with the
same pinhole as in the first step. The angle for each lens was adjusted by checking the back
reflection on the same pinhole using the infrared viewer. Finally, the cell was slightly tilted
to avoid back reflection in the laser diode.
In order to avoid vibrations of the setup during the experiment we mounted the shutter
on a separate column and we avoided circulating water for temperature control of the cell.
The cell was placed in the copper block, which was heated from both sides by two Peltier
elements. The temperature was controlled with an uncertainty ∆T = ±0.01 K (Peltron). At
the maximum experimental temperature T = 40◦C the temperature difference between the
center and the edge was of the order of 0.05 K. All experiments were performed with a power
of typically P = 21±1 mW. The distance between the cell and the beam waist was 3 - 4 mm.
Calibration of the thermal lens set-up
First, we show that we can reproduce the TL signal of pure water with our setup. Fig. 7.3
(curve (a)) shows a typical time dependence of the intensity in the center of the beam for
pure water at room temperature. From this dependence the fractional change in the center
beam intensity (I(0)− I(∞))/I(∞) at a given distance from the cell to the beam waist can be
calculated. The full coordinate dependence of this parameter at different powers for a cell
with l = 5 mm as a function of the distance to the beam waist (called z-scan) is shown in Fig.
7.4. The solid lines correspond to the fit according to Eq. 7.4 and 7.5. The inset shows the
values of θth calculated from the z-scan data at different powers (P) and cell thicknesses (l)
versus Pl. The data are well described with b= 0.5 cm−1 (Ref. 137), ∂n/∂T =−0.9378 10−4
K−1 (Ref. 74) and λlaser = 980 nm according to Eq. 7.5. The heat conductivity was found to
be equal 0.6098 Wm−1K−1, which is quite close to the tabulated value 0.603 Wm−1K−1 in
Ref. 186.
For pure butanol at 30◦C the heat conductivity was determined from the time depen-
148
7. INVESTIGATION OF THE SORET EFFECT BY THE THERMAL LENS TECHNIQUE
Figure 7.4: Typical z-scan curves for pure water in cell with l = 5 mm at 22◦C for different
laser powers. These curves are fitted using Eq. 7.4 (c.f. Sec. 7.2.4). The inset shows
the thermal lens number θth obtained from z-scan data at different laser powers P and cell
thicknesses l as a function of the product Pl. Straight line is according to Eq. 7.5.
dence of the central beam intensity. The obtained value 0.1542 Wm−1K−1 (l = 1 mm,
P = 20.05 mW, θ th = 0.1784, b = 0.066 cm−1 and ∂n/∂T = −3.9210−4 K−1) is also in
good agreement with the reference value 0.153 Wm−1K−1 in Ref. 186.
Convection effects in the thermal lens experiment
Generally speaking, the non-zero extinction coefficient of our sample and the finite thickness
of the cell lead to a temperature inhomogeneity in the direction parallel to the laser beam.
The behavior of the components with different densities becomes sensitive to gravity, which is
commonly known as convection. In order to avoid convection, the characteristic equilibration
time should be smaller than the characteristic convection time (τconvection). The convection
time can be estimated through the ratio of the beam size at the cell position (ω ≈ 54 µm for a
typical τth ≈ 5 ms for a cell with 1 mm with water, placed 4 mm before the beam waist; (c.f.
Eq. 7.3) to the convection velocity Uconvection. Rusconi et al.[137] proposed two expressions
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for scaling the convection velocity (c.f. Eq. 7.10 and 7.11).
Uconvection ∼ gαl24Tν−1; Gr  1; (7.10)
Uconvection ∼ (gανl4T )0.5; Gr  1, (7.11)
where α is the thermal expansion coefficient, ν is the kinematic viscosity, g is gravitational
acceleration and ∆T is the characteristic amplitude of the temperature inhomogeneity. The
Grashof number Gr is defined as
Gr = gα4Tl3ν−2. (7.12)
Eq. 7.10 is only valid for low Grashof numbers (Gr  1), while for large Grashof numbers
((Gr  1)) Eq. 7.11 needs to be used.
Rusconi et al.[137] calculated the convection velocity profiles in a cell with l = 0.5 mm
and for a laser power of P = 20 mW using the Navier-Stokes equations. The maximum
value in the center of the cell was found to be Uconvection ≈ 2.4 10−6 m s−1. Scaling this
value according to Eq. 7.10 with the cell thicknesses allows to calculate convection times
for different cell thicknesses and different solvents. The obtained values are presented in
Table 7.1. The characteristic temperature difference (∆T ) between the sample temperature at
the center of the beam and the average sample temperature were calculated according to the
criteria ∆T ≈ 0.3Pblκ−1, proposed by Gordon et al.[62]. The corresponding values are also
presented in Table 7.1.
7.3 Results and Discussion
7.3.1 Nonionic surfactant C12E6 in water
Fig. 7.3 (curves (c) and (d)) shows typical TL signals obtained in a cell with l = 0.2 mm of
C12E6 (c = 0.1wt%) and of C12E6 (c = 0.05wt%) in water at 30◦C. In the entire range the fit
shows no systematic deviations and the obtained values of the Soret coefficient at different
concentrations (c = 0.005,0.015,0.025,0.05 and 0.1 wt%) and temperatures (T = 30 and
40◦C) agree within the error bars with the Soret coefficients recently obtained by Ning et al.
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Table 7.1: Characteristic convection times for different solvents calculated from convection
velocity[137] in pure water in a cell with l = 0.5 mm at P = 20 mW for our experimental
conditions using Eq.7.10, which is valid for low Grashof numbers (Gr  1)).
solvent temperature cell Gr τconvection
difference thickness / number
∆T / K mm s
0.2 7.6 10−3 141
water 0.49
1 9.5 10−1 >6
0.2 2.1 10−3 164
butanol 0.26 1 2.6 10−1 >7
0.2 2.6 10−3 218
DMSO 0.14 1 3.2 10−1 >9
with the IR-TDFRS [107] (c.f. Fig. 7.5). The maximal deviation between IR-TDFRS and
TL data is of the order of 14%, but no systematic trend could be observed. The characteristic
plateaus at large times (c.f. Fig 7.3) indicate that convection effects are negligible, despite
that the typical equilibration times of ∼ 100− 200 s are of the order of the characteristic
convection time of ∼ 140 s (c.f. Table 7.1).
Figure 7.6 shows the Soret coefficient for C12E6 (c = 0.025 wt%) in water for differ-
ent dye contents (basantol yellow) at 40◦C. The influence of the dye is found to be crucial.
Increasing the optical density from 0 to 2 cm−1 (typical condition for classical TDFRS mea-
surements) makes ST 35 % smaller. According to our previous studies [109, 107] the addition
of basantol yellow shifts the two-phase boundary towards higher temperatures. This is the
main reason that the Soret coefficient becomes smaller with increasing dye content. At the
same time we did not observe a second mode in TL nor in the IR-TDFRS experiment. Such
a second mode hat been observed previously with the classical TDFRS [109]. The reason
for the second mode in the classical TDFRS is probably some kind of feedback mechanism,
which leads to an inhomogenous dye distribution in the sample [107].
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Figure 7.5: Soret coefficient of C12E6 aqueous solutions at 30 and 40◦C as a function of
surfactant concentration. Open symbols are IR-TDFRS data[107], solid symbols refer to data
from TL.
Figure 7.6: Soret coefficient of C12E6 (c = 0.025wt%, T = 40◦C) in water measured with the
TL method in a cell with l = 0.2 mm as a function of the dye optical density.
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7.3.2 DMSO in water
The Soret coefficient for DMSO/water is roughly two orders of magnitude smaller than for
C12E6/water mixtures. In the case of an extremely weak thermodiffusion effect, for example
close to a concentration, where DT changes sign, one can expect that the Soret lens will be
very weak and difficult to observe. Also thermal fluctuations and other sources of noise such
as the stability of the laser will become important. Generally speaking, the sensitivity of the
TL setup is associated with the amplitude A. If one compares both analysis equations Eq. 7.2
and 7.9 for TDFRS and TL, respectively, both methods are quite similar. The amplitude A in
TDFRS is equivalent to the ratio of θSoret to θth in the TL method.
In order to have strong signal we chose two DMSO/water concentrations (c = 0.33 and
0.87) for which the amplitudes of the TDFRS signal are maximal (0.47 and 0.12, respec-
tively). At the low DMSO content, DMSO moves to the cold side, while at higher DMSO
content DMSO moves to the warm side. The typical TL signal for a mixture with a water
mass fraction of 0.67 in a 1 mm cell is shown in Fig.7.3. The typical equilibration time for a
1 mm cell is of the order of the convection time (c.f. Table 7.1).
The measured Soret coefficient in the water-rich region is ST = (2.5±0.4) 10−3 K−1 for
a 0.2 mm cell and ST = (2.69±0.35) 10−3 K−1 for a 1 mm cell are in good agreement with
the classical TDFRS data with ST = (2.7±0.04)10−3 K−1. The typical relative uncertainties
of the TDFRS data are in the 2-3% range, while the TL data show 5 times higher noise.
In the DMSO-rich region it was not possible to measure reliable values in the 1 mm cell.
The obtained Soret coefficient ST = −(3.85±1.3) 10−3K−1 is 18% larger than the value of
ST = (3.23± 0.06) 10−3K−1 obtained in the classical TDFRS. The uncertainty of the TL
measurments exceeds 30%, while the uncertainty of the classical TDFRS measurements is of
the order of 2%. In order to minimize convection effects we also performed measurements in
the cell with l = 0.2 mm. In the thin cell, however, the concentration plateau was often not
clearly seen and reproducible measurements were not possible. Under these conditions the
Soret lens is too weak. Compared to measurements in the water-rich region the amplitude is
4 times smaller. The relative change in concentration (δc/c) due to the temperature gradient
was found to be (δc/c) ≈ 8 · 10−5, which is one order of magnitude smaller than the corre-
sponding value of (δc/c)≈ 7 ·10−4 in the water-rich region. With the DMSO/water system
we reach the limits of our thermal lens experiment. The typical noise level δ I/I in the TL
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Figure 7.7: Typical TL signals (cell 1mm) for solutions of EMIES in butanol at 30◦C. Solid
symbols show the experimental results, lines are the fitting curves according to Eq. 7.4 (pure
TL effect) with taking into account the additional term that describes the Soret effect (c.f.
Sec. 7.2.4).
experiment is of the order of 1% leading to an uncertainty in the order of 10 % to the concen-
tration signal. This uncertainty of course influences the stability of the weak Soret lens. With
our experimental equipment it was not possible to reduce the main reasons for noise such
as vibrations, fluctuations in the intensity and temperature fluctuations further. Under our
experimental conditions the signal needs to be at least comparable with one in the water-rich
region with weaker noise and stronger Soret lens. Another possibility would be to increase
the number repetitions in the TL experiment in order to reduce the error of the mean further.
Here we need to keep in mind that an averaging of 2000-4000 measurements is unrealistic
due to the roughly 100 times longer equilibration times in the TL experiment as compared to
the TDFRS experiment.
7.3.3 Ionic liquid EMIES in butanol
The thermal diffusion behavior of EMIES/butanol mixtures was investigated in two different
cells with l = 0.2 mm and l = 1 mm. Fig. 7.7 shows the typical TL signal for the mix-
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Figure 7.8: Soret coefficient of EMIES in butanol at 30◦C as a function of concentration.
Open symbols are classical TDFRS data, solid symbols refer to TL data 0.2 mm and 1 mm
cells.
ture EMIES/ butanol (l = 1 mm). The characteristic equilibration time of ∼ 10− 15 s is
again of the order of the convection time (c.f. Table 7.1). The fitted function decribes the
data well and the residuals are statistically distributed. The obtained Soret coefficients for
different cells of varying thickness (l = 0.2 and 1 mm) for different EMIES concentrations
(c = 0.09,0.283,0.515 and 0.68) at T = 30◦C agree within the error bars with the classi-
cal TDFRS data. For the lowest salt concentration the maximum deviation found was 19%,
but typically the values agree within 3-7%. The Soret coefficient is of the order of 10−2
K−1, which is less than the characteristic value (10−1K−1) for C12E6/water and larger than
10−3K−1 for DMSO/water mixtures. For the smallest value of ST at the mass fraction of 0.68,
the relative change in concentration due to the Soret effect (δc/c) ≈ 3.4 ·10−4 is still larger
than in case of solution of water in DMSO ((δc/c)≈ 8 ·10−5).
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7.4 Conclusion
In the present chapter we compared the Thermal Diffusion Forced Rayleigh Scattering (TD-
FRS) technique with the Thermal Lens (TL) method. We investigated three different systems
with Soret coeffcients between ST ∼ 10−3− 10−1K−1. For the systems with the larger Soret
coefficients we found good agreement between the two methods. For low Soret coefficients
of the order of ST ∼ 10−3K−1, the TL method reaches its limits. In the case of a low Soret
coefficient and a low optical contrast reliable measurements are not possible. Typically slow
diffusing molecules such as polymers and colloids have fairly large Soret coefficient of the
order of ST ∼ 10−1K−1, so that they are in principle good systems to be investigated by TL.
The other limit of the TL experiment is that the characteristic equilibration time should be
smaller than the characteristic convection time. Therefore the investigation of large colloids
in the micron scale will be impossible.
A big advantage of the TL method is that it is fairly fast and the experimental setup is
much cheaper compared to the TDFRS setups. It is also fairly easy to change the wavelength,
so that the addition of dye can be avoided by using the natural absorption of the molecules.
An important requirement on the laser source is an excellent Gaussian profile and laser sta-
bility, but the coherence length can be very short. If one plans future benchmark tests which
should also include the thermal lens method, the systems have to be selected carefully so that
the signal to noise ratio is also large enough to do precise TL experiments. According to our
experiments ionic liquids such as EMIES in butanol seems to be a good candidate. The Soret
coefficient is one order of magnitude larger than that for ordinary molecular sytems, which
results in a sufficient signal to noise ratio in the TL experiment, while diffusion is still fast
enough so that it is also accessible for other experimental techniques such as thermogravita-
tional columns.
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The Soret effect was discovered more than 150 years ago and has been studied in the mean-
time in gaseous mixtures, mixtures of simple molecules, polymer solutions and colloidal dis-
persions. The studies cover three main directions: experimental measurements, computer
simulations and theoretical predictions of the Soret coefficient. Some progress has been
achieved with theoretical calculation of ST for gas mixtures with Chapman-Enskog theory
[63, 173]. The reasonable agreement with experiment was found. On the other hand, for the
mixtures of simple molecules typically it is not even possible to predict the correct sign of
ST due to the lack of accuracy of the chosen equation of state (EOS), calibrated mainly for
use in the chemical and petroleum industry [11]. Several rules of thumb were proposed for
simple liquid mixtures. It was found that the Soret effect is a function of the difference in
mass, size, moment of inertia and vaporization enthalpy of the two mixing partners. Precise
phenomenological expressions for ST were proposed for mixtures of Lennard-Jones particles
in RNEMD simulations [126, 56] and for mixtures of benzene in cyclohexane in experiment
[36], which are useful for simple molecular mixtures.
In this thesis we studied the thermal diffusion behavior of binary mixtures of spherical,
chain-like and associated molecules. Experiments were performed using the thermal diffu-
sion Rayleigh scattering technique (TDFRS) and the thermal lens method (TL). For some
of the mixtures we calculated the Soret coefficient using reverse non-equilibrium molecular
dynamic simulations (RNEMD). Obtained results were analyzed in the framework of thermo-
dynamic theories, particular attention has been given to comparison with other experimental
techniques.
In Chapter 2 and 3 we studied the Soret effect in binary mixtures of the component with
similar shape (spherical and chain-like molecules) by varying systematically the properties of
the mixing partners. More specifically, in Chapter 2 we study the thermal diffusion behavior
of three binary mixtures (tetraethylsilane, di-tert-butylsilane and carbon tetrabromide in car-
bon tetrachloride) consisting of spherical molecules by the TDFRS method. Additionally we
applied reverse non-equilibrium molecular dynamics calculations to determine the Soret co-
efficients for two of the experimentally investigated mixtures. We found a fairly good agree-
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ment between the simulated and experimentally determined Soret coefficients for the systems
tetraethylsilane and di-tert-butylsilane in carbon tetrachloride. Although the magnitude of the
simulated ST-values is systematically by 9-18% smaller than in experiment, we found in the
experiment and in the simulations that di-tert-butylsilane accumulates slightly stronger in
the warm region than the more symmetric tetraethylsilane. The observed thermophoretic
motion for those three unpolar mixtures follows the common rules, which state that the com-
ponent with the larger molar mass, smaller diameter and the larger Hildebrandt parameter
accumulates in the cold region. In Chapter 3, we studied systematically binary mixtures
of non-spherical n-alkane molecules by two different techniques, a convective method as
the thermogravitational columns (TC) (paralelepipedic and cylindrical configurations) and
the non-convective TDFRS. In general we found a very good agreement between these two
methods. Nevertheless, there are some discrepancies with recently published TC data [85].
Neither the TC nor our TDFRS measurements showed the upward trend of the thermal dif-
fusion coefficient for higher alkanes, which was recently observed. We assume that reason
for this disagreement is the relative big gap Lx in the TC cells [85] compared to the cells
used in this work. The bigger gap decreases the accuracy of determining the mass separation
between the two ends of the TC. This is especially important for the mixtures of decane, with
the higher alkanes. Our measurements indicate also that the heavier component moves to the
cold side as in the case of the mixtures of spherical molecules.
In the Chapter 4 and 5, we systematically studied the influence of the chain-length and
the degree of branching on the thermal diffusion behavior of linear and branched alkanes
in disk-like benzene with TDFRS, lattice model calculations and RNEMD. In Chapter 4 we
have shown experimentally that the Soret effect in alkane/benzene mixtures depends on the
molecular mass and structure of the alkane as well as the temperature and composition of
the mixture. The Soret coefficient ST of the alkane was found to be negative for these n-
alkane/benzene mixtures indicating that the alkanes are enriched in the warmer regions of the
liquid mixtures. The magnitude of the Soret coefficient decreases with increasing chain length
and increasing alkane content of the mixtures. The temperature dependence of the Soret coef-
ficient depends on mixture composition and alkane chain length; the slope of ST versus tem-
perature changes from positive to negative with increasing chain length at intermediate com-
positions. In order to study the shape effect on the Soret effect, mixtures of branched alkanes
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in benzene were also considered. Our results for the Soret coefficients show that the tendency
for the alkanes to move to the warmer regions of the fluid decreases with increasing de-
gree of branching. The branching effect is so strong that for 2,2,4-trimethylpentane/benzene
mixtures the Soret coefficient changes sign at high alkane content and that equimolar 2,2,3-
trimethylbutane/benzene mixtures have positive Soret coefficients in the investigated temper-
ature range. For the linear chains, a simple lattice model from Luettmer Strathmann [90] is
able to reproduce the experimental trends. For the branched isomers, however, an interpreta-
tion of the data is more difficult. A comparison of the experimental data for branched heptane
isomers with those for the linear chains between heptane and heptadecane shows that the ef-
fect of branching on the Soret coefficients is larger than that of the molecular weight. This is
not expected from the thermodynamic properties of the pure alkane fluids. For the branched
heptanes, the moments of inertia, calculated about the symmetry axis increase with increasing
number of methyl groups as much as the Soret coefficient. In order to clarify the effect of the
molecular shape on ST, in Chapter 5 we applied a equilibrium molecular dynamics and the
reverse nonequilibrium molecular-dynamic algorithm to calculate the mutual diffusion, tracer
diffusion and Soret coefficients in different heptane/benzene mixtures. The heptane/benzene
mixture was investigated at different concentrations and the effect of branching was inves-
tigated for equimolar mixtures of the branched heptanes (3-MH, 2,3-DMP, 2,4-DMP ) in
benzene. The simulated Soret and mutual diffusion coefficients show the same trend as in
experiment. However, the simulated values of ST values are systematically ≈ 3× 10−3K−1
smaller than in the experiment. The observed decreasing of the magnitude of ST for equimo-
lar heptane/benzene mixtures can not be explained by mass and size effects. The effect of
the molecular shape, which affects the liquid structure, as well as kinetic properties of the
mixture, needs to be considered additionally.
In Chapter 6 we systematically studied the thermal diffusion behavior of different asso-
ciated binary mixtures of water, deuterated water, dimethyl sulfoxide (DMSO), methanol,
ethanol, acetone, methanol, 1-propanol, 2-propanol, propionaldehyde. The sign changes of
ST occurs at high water content between x±w = 0.8− 0.92. For many systems this concen-
tration can be related with a structural change from a tetrahedral to a chain-like order in the
liquid mixture. Another characteristic point of the investigated systems is the concentration
x×w at which the Soret coefficient does not depend on temperature in the investigated range.
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While for non-associating mixtures ST(x×w ) 6= 0 the Soret coefficient vanishes often for asso-
ciating mixtures (ST(x×w ) = 0 ). For those systems with x±w = x×w we found that x±w depends
linearly on the ratio of the vaporization enthalpies of the pure components. Additionally
the hydrophobic part of those systems consists of two carbon atoms. For aqueous mixtures of
methanol and propanols the sign change concentration is out of the linear trend and correlates
with the size of the solute hydrophobic part. We also investigated two polar but non-aqueous
mixtures: methanol/DMSO and ethanol/DMSO. The system methanol/DMSO does neither
show a sign change nor an intersection point of the isotherms, which might be due to the sim-
ilarity of methanol and DMSO. Ethanol/DMSO behaves like a typical associating mixture
with x±w 6= x×w .
In the last Chapter 7 we compared the thermal diffusion forced Rayleigh scattering tech-
nique with the thermal lens method. We investigated three different systems with Soret co-
effcients between ST ∼ 10−3K−1 and ST ∼ 10−1K−1. For the systems with the larger Soret
coefficients we found good agreement between the two methods. For low Soret coefficient
in the order of ST ∼ 10−3K−1 the TL method reaches its limits. In the case of a low Soret
coefficient and a low optical contrast reliable measurements are not possible. Typically slow
diffusiving molecules such as polymers and colloids have fairly large Soret coefficient in the
order of ST ∼ 10−1K−1, so that they are in principle good systems to be investigated by TL.
The other limit of the TL experiment is that the characteristic equilibration time should be
smaller than the characteristic convection time. Therefore, the investigation of large colloids
in the micron scale will be impossible. The big advantage of the TL method is that it is
fairly fast and the experimental setup is much cheaper compared to the TDFRS. An impor-
tant requirement on the laser source is an excellent gaussian profile and laser stability, but the
coherence length can be very short. If one plans future benchmark tests which should also
include the thermal lens method, the systems have to be selected carefully so that the signal
to noise is large enough to do precise TL experiments. It is also fairly easy to change the
wavelength, so that the addition of dye can be avoided by using the natural absorption of the
molecules. It turned out that the ionic liquids, which we investigated with the TL method is
a good candidate to validate the TL setup and can also be studied with other experimental
methods.
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Het Soret effect is ongeveer 150 jaar geleden ontdekt en is sindsdien bestudeerd voor gas
mengsels, mengsels van eenvoudige molekulen, oplossingen van polymeren en kolloidale dis-
persies. Deze studies omvatten experimenten, computer simulaties als mede ook theoretische
voorspellingen voor de Soret koefficient ST. Enige vooruitgang is geboekt met de berekening
van ST voor gas mengsels met behulp van Chapman-Enskog theorie [63, 173]. Anderzijds is
het nog steeds niet mogelijk om zelfs ook maar het korrekte voorteken van ST voor mengsels
van simpele molekulen te voorspellen, voornamelijk door het gebrek aan nauwkeurige toes-
tandsvergelijkingen. Deze zijn over het algemeen gekalibreerd voor gebruik in de chemische
en petroleum industrie [11]. Diverse vuistregels zijn voorgesteld voor vloeistof mengsels van
simpele molukulen. De Soret koefficient is een functie van het verschil in massa, grootte,
traagheidsmoment en de verdampings enthalpie van de twee komponenten. Nauwkeurige
fenomenologische uitdrukkingen voor ST zijn voorgesteld voor mengsels van Lennard-Jones
deeltjes, uitgaande van ”omgekeerde niet-evenwichts molekulaire dynamica” (ONEMD) sim-
ulaties [126, 56], en voor mengsels van benzeen en cyclohexaan op basis van experimenten
[36], welke eveneens bruikbaar zijn voor mengsels van simpele molekulen. In deze dis-
sertatie bestuderen we het thermodiffusieve gedrag van bolvormige, keten achtige en geas-
socieerde molekulen. De experimentele techniek die we hierbij gebruiken is de ”thermis-
che diffusie Rayleigh verstrooings” (TDRV) techniek en de ”thermische lens” (TL) meth-
ode. Voor enkele mengels berekenen we de Soret koefficient middels ”omgekeerde niet-
evenwichts molekulaire dynamica” simulaties. De resultaten worden geanalyseerd binnen
het raamwerk van thermodynamische theorien. Resultaten worden eveneens vergeleken met
die verkregen m.b.v. andere methoden. In de hoofdstukken 2 en 3 bestuderen we de Soret
koefficient voor binaire mengsels van molekulen die dezelfde vorm hebben (bolvormige en
keten molekulen), waarbij de eigenschappen van de komponenten systematisch worden ve-
randerd. In het bijzonder, in hoofdstuk 2, bestuderen we het thermo diffusieve gedrag van drie
binaire mengsels bestaande uit bolvormige molekulen (tetra ethyl silaan, di-tert-butyl silaan
en koolstof tetrabromide in koolstof tetra chloride), middels de TDRV techniek. Voor twee
van deze mengsels hebben we eveneens ONEMD simulaties uitgevoerd, en vergeleken met de
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experimentele resultaten. We vinden een redelijke overeenstemming tussen de gesimuleerde
en experimenteel bepaalde Soret koefficienten voor tetra ethyl silaan en di-tert-butyl silaan
in koolstof tetra chloride. De grootte van gesimuleerde waarden voor ST zijn systematisch
9-18 gevonden waarden. Zowel in de experimenten als in de simulaties vinden we dat di-tert-
butyl silaan een enigzings grotere preferentie heeft voor de warme kant in vergelijking met
het meer symmetrische tetra ethyl silaan. De gemeten themoforetische beweging voor deze
drie niet-polaire mengsels voldoet aan de gebruikelijke trends, waar de komponent met de
grotere molaire massa, kleinere diameter en de grotere Hildebrandt parameter accumuleren
aan de koudere kant. Hoofdstuk 3 bevat een systematische study van binaire mengsels van
niet-bolvormige n-alkaan molekulen op basis van twee verschillende methoden, een konvec-
tieve methode met een thermogravitatie kolom (TK) en de niet-konvectieve TDRV techniek.
In het algemeen wordt een goede overeenkomst tussen de twee methoden gevonden. Des al
niet te min zijn er enige discrepanties met recent gepubliceerde TK-methode data [85]. Zowel
de TK als de TDRV methode geven niet de toename in de thermische diffusie koefficient voor
hogere alkanen te zien zoals eerder waargenomen. We menen dat de reden hiervoor ligt in
de relatief grote cel dikte in de TK methode [85] in vergelijk met die gebruikt in de huidige
experimenten. Een grotere cel dikte leidt tot een mindere nauwkeurigheid in de bepaling van
de massa scheiding bij de twee einden van de TK. Dit is in het bijzonder van belang voor
mengsels van dekaan met hogere alkanen. Onze metingen laten zien dat de zware komponent
zich naar de koude kant beweegt, precies zoals in mengsels van bol vormige molekulen.
De hoofdstukken 4 en 5 beschrijven onze studie van de invloed van de keten lengte en
de mate van vertakking op het thermodiffusieve gedrag van lineare en vertakte alkanen in
benzeen (een schijfvormig molekuul) m.b.v. de TDRV techniek, rooster model berekenin-
gen als mede ONEMD simulaties. In hoofdstuk 4 wordt gevonden dat de experimenteel
bepaalde Soret koefficienten in alkaan/benzeen mengsels afhangen van de moleculaire massa
en struktuur van het alkaan, en in het bijzonder van de temperatuur en samenstelling van het
mengsel. De Soret koefficient ST van de n-alkanen zijn negatief voor deze mengsels met
benzeen, wat betekent dat de alkanen zich naar de warme kant bewegen. De grootte van
de Soret koefficient neemt af met toenemende keten lengte en toenemende alkaan koncen-
tratie. De temperatuur afhankelijk van de Soret koefficient hangt af van de kompositie van
het mengsel en de alkaan keten lengte; de helling van ST versus de temperatuur veranderd
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van positief naar negatief met toenemende keten lengte bij ongeveer gelijke kompositie van
de beide molekulen. Om de invloed van de vorm van de molekulen op de Soret koefficient te
bestuderen, zijn eveneens experimenten en berekeningen aan mengsels van gebranchte alka-
nen in benzeen gedaan. Onze resultaten laten zien dat een toenemende vertakking leidt tot
sterkere preferentie van de alkanen voor de warme kant. Het vertakkings effect is zo sterk
dat voor 2,2,4-tri methyl pentaan/benzeen mengsels de Soret koefficient van voorteken ve-
randerd voor hoge koncentraties alkaan, terwijl voor gelijke molaire koncentraties in 2,2,3-tri
methyl butaan/benzeen mengsels de Soret koefficient altijd positief is binnen het onderzochte
temperatuur bereik. Een rooster model dat is ontwikkeld door Luettmer Strathmann [90],
reproduceerd de experimentele data voor de lineaire alkanen. Voor de vertakte alkanen is de
interpretatie van de data gekompliceerder. Een vergelijk van de experimentele data voor ver-
takte heptaan isomeren met die voor de lineaire ketens voor heptaan en heptadekaan laat zien
dat het effect van vertakking groter is dan dat van het moleculaire gewicht. Dit is niet wat
men verwacht op basis van de themodynamische eigenschappen van de pure alkanen. Voor
de vertakte alkanen is de relatieve verandering van de Soret koefficient evenredig met de
verandering van het inertiaal moment alsgevolg van het toenemende aantal methyl groepen.
In hoofdstuk 5 worden simulaties voor de massa-diffusie en Soret koefficienten besproken,
teneinde een beter begrip te verkrijgen voor het effect van de vorm van een molekuul op voor
mengsels van heptaan en benzeen. Deze mengsels zijn bestudeerd voor verschillen koncen-
traties terwijl het effect van vertakking is onderzocht voor gelijke molekulaire koncentraties
van vertakte heptanen (3-MH, 2,3-DMP en 2,4-DMP) in benzeen. De gesimuleerde massa-
diffusie en Soret koefficienten hebben dezelfde trend als experimenteel wordt waargenomen.
De gesimuleerde waarden voor ST waren echter systematisch ongeveer 3× 10−3K−1 lager
dan de experimentele waarden. De gevonden afname van de grootte van ST voor equi-molaire
heptaan/benzeen mengsles kan niet verklaard worden door het effect van massa en molekuul
grootte. Het effect van de vorm van molekulen, welke de vloeistof struktuur en de kinetische
eigenschappen van het mengsel beinvloedt, speelt kennelijk een belangrijke rol.
Hoofdstuk 6 is een systematische studie van het thermo diffusieve gedrag van associerende
molekulen in binaire mengsels van water, gedeutereerd water, dimethyl sulfoxide (DMSO),
methanol, ethanol, aceton, 1-propanol, 2-propanol en propionaldehyde. Verandering van het
voorteken van ST wordt gevonden bij hoge water koncentraties van x±w = 0.8− 0.92. Voor
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veel systemen kan deze verandering van voorteken gerelateerd worden aan strukturele veran-
deringen van tetrahedrale orde naar keten-achtige orde. Een karakteristieke eigenschap van
de onderzochte systemen is dat de Soret koefficient bij een bepaalde water koncentratie x×w
onafhankelijk wordt van de temperatuur. Terwijl voor niet-associatieve mengsels ST(x×w ) 6= 0,
geldt voor de associatieve mengsels dat ST(x×w ) = 0. Voor die systemen waarvoor x±w = x×w
wordt gevonden dat x±w afhangt van de verhouding van de verdampings enthalpien van de pure
komponenten. Voor deze systemen bestaat het hydrophobe deel uit twee koolstof atomen.
Voor waterige mengsels van methanol en propanolen, korreleert de voorteken verandering
met de grootte van het hydrophobe deel. We hebben tevens twee polaire, niet-waterige syste-
men onderzocht: ethanol/DMSO en ethanol/DMSO. Het systeem methanol/DMSO vertoont
geen voorteken verandering noch een intersectie punt van de isothermen, hetgeen wellicht
samenhangt met de gelijkenis tussen methanol en DSMO. Ethanol/DMSO mengsels gedra-
gen zich zoals typische associatieve mengsels met x±w 6= x×w .
In het laatste hoofdstuk 7 vergelijken we de TDRV techniek met de TL methode. Drie
verschillende systemen zijn onderzocht, met Soret koefficienten varieerend van 10−3 tot
10−1K−1. Goede overeenstemming voor de met de twee technieken gemeten Soret koeffi-
cienten wordt gevonden voor het systeem met de grotere Soret koefficient. De limiet van
de TL methode wordt bereikt voor de kleinere Soret koefficienten 10−3K−1, zodat voor het
daarmee gepaard gaande lage optische kontrast geen betrouwbare metingen kunnen wor-
den gedaan. De typische langzaam diffunderende molekulen zoals polymeren en kolloiden
hebben een relatief hoge Soret koefficient 10−1K−1, hetgeen de TL methode geschikt maakt
voor deze systemen. Een andere limitering van de TL methode is dat de karakteristieke equi-
libratie tijd veel kleiner dient te zijn dan de konvectie tijd. Onderzoek van grote kolloiden
met de TL methode is daarom niet mogelijk. Het grote voordeel van de TL techniek is dat
deze redelijk snel is en dat de kosten voor de bouw van een TL opstelling relatief laag zijn in
vergelijking met een TDRV opstelling. Een belangrijke voorwaarde voor de laser straal is dat
deze een perfect Gausisch profiel heeft. De koherentie lengte kan echter vrij klein zijn. In het
geval van eventuele toekomstige benchmarking experimenten die ook de TL methode omvat-
ten, dient men systemen met zorg te kiezen opdat de signaal-ruis verhouding groot genoeg is
om nauwkeurige TL metingen te kunnen doen. Het is eveneens redelijk eenvoudig om een
andere golflengte te gebruiken, zodat het toevoegen van een kleurstof vermeden kan worden
164
SAMENVATTING
door gebruik te maken van de natuurlijke absorptie van de reeds aanwezige molekulen. Het
is gebleken dat ionische vloeistoffen goede kandidaten zijn om de TL methode te valideren,
welke systemen ook voor de meeste andere technieken bruikbaar zijn.
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